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ABSTRACT
Brook trout response to canopy and large woody debris manipulations in Appalachian streams
Jonathan M. Niles

The forested riparian area along many central Appalachian streams contains large volumes of
harvestable timber. Best management practices (BMP) and streamside management zones
(SMZ) have been developed to minimize the impacts of riparian timber harvest. Large woody
debris (LWD) is an important component of forested streams and its role in chemical, biological,
and physical processes in streams is complex. The extraction of timber within the streamside
management zone reduces the amount of material available for aquatic structure.
Three-250 m study reaches were established on eight Appalachian headwater streams. Four of
the streams were assigned the treatment of having a 50% basal area removal of SMZ timber and
four were assigned a 90% basal area removal of SMZ timber. The down and up sections of each
stream were then randomly assigned to be either basal area removal (removal) treatment or basal
area removal plus instream LWD addition (removal + LWD) treatment, with reference sections
located upstream of the treatment sections.
Pool habitat features changed substantially in all three sections, with variation between postharvest study years. However, pool area did not increase after the addition of LWD. Post-harvest
stream temperature exhibited a constant pattern of increased warming as water moved
downstream through the harvest zones. Mean maximum daily temperature downstream of
timber harvest in 90% removal streams was an average of 3.1 oC warmer than above harvest
sections, and mean daily temperature was 1.1oC warmer. The 50% removal streams did not
exhibit the large increases in stream warming seen in the 90% removal streams.
Seasonal population estimates of brook trout were conducted in 2005 (pre-treatment) 2007 and
2008 (post-treatment). Brook trout populations fluctuated over time, but did not show a
consistent increase following treatment. Mean total length of YOY brook trout did vary across
some streams and sections but was not significant among treatments. The condition (Wr) of age
1+ brook trout (> 120 mm) did not differ between treatment and reference sections in 50% or
90% streams. Overall percent retention of resident fish differed significantly between sections.
Percent immigration was high in all sections (60-71%) suggesting high rates of movement.
Consumption estimates by origin of prey varied significantly within sections over the course of
the study. Brook trout consumed a greater proportion of terrestrial invertebrates in reference
sections than in timber removal sections during the study. Increased timber harvest intensity
resulted in decreased consumption of terrestrial invertebrates by brook trout. Terrestrial
invertebrates represent a greater proportion of the abundance, biomass and energy for brook trout
in reference sites and may be greatly reduced in timbered areas. Brook trout in removal and
reference sections exploited particular prey taxa at significantly different rates.
The results of our study show that it is necessary to assess trends in habitat changes, and brook
trout populations over several years as there are several unknowns associated with the possible
response to varying basal area removal. In addition, our study suggests that there could be
changes in brook trout diet in the removal sections and a potential shift in the feeding habits of
brook trout, and a reduction of terrestrial invertebrate availability to brook trout may result in
decreased growth of Appalachian brook trout in these sections.

iii
Dedication
This work is dedicated to my parents George and Lynda Niles. It has been a long journey,
thanks for the support and understanding. Good luck to my sister Meredith, as she begins work
on her PhD.
Secondly, this work is dedicated to my grandparents Raphel and Elizabeth Marconi whom both
passed away while I was working on my master’s degree but were so proud that their only
grandson was working and living in West “By God” Virginia.
Lastly, this work is dedicated to Clayton and Mary Niles, who built the family cabin on Drew’s
Lake in Maine where I first learned to fish and developed an appreciation for the outdoors. It
was those summers spent on the lake that eventually guided me into my chosen career.

iv
Acknowledgements
I would like to thank the MeadWestvaco Corporation, the U.S. Forest Service, the National Fish
and Wildlife Foundation, West Virginia Department of Natural Resources, and the United States
Forest Service for funding this research. The MeadWestvaco Corporation and Penn Virginia
Corporation provided accommodations during the field season. I also thank the West Virginia
University, Division of Forestry and Natural Resources for providing laboratory facilities used in
the completion of this work, and for the teaching experience that I gained as under the Hoyt
Teaching fellowship. I would like to thank the WVU Office of Graduate Education for the
WVU Dissertation Finishing Grant that I received. I want to thank Dr. Jonathan Cumming for
hiring me to teach Environmental Biology my final semester. I also want to sincerely thank my
graduate committee members, Dr. Kyle Hartman, Dr. Pat Keyser, Dr. Pat Mazik, Dr. Todd Petty,
and Dr. Stuart Welsh for their advice and guidance in the development of this research. I greatly
appreciated Dr. Kyle Hartman for his guidance and willingness to have me as a graduate student
under him for 2 degrees, and 8.5 years. His advice and guidance as an advisor, mentor, and
friend have been invaluable. I greatly appreciate the help of fellow graduate students Ryan Utz,
Garrett Staines, Andy Hafs, Ed McGinley, Brandon Keplinger, Jason Stolarski, and Jered
Studinski who aided me in field and/or lab work. A special gratitude is owed to Brandon
Keplinger who helped with dietary analysis and helped teach me how to identify terrestrial
invertebrates and to Jered Studinski and Donna Hartman for helping with aquatic invertebrate
identification and to Dr. John Sweka, Dr. George Merovich, Dr. Phil Turk, and Dr. Ryan Utz for
their statistical help. I thank the following undergraduate work study students/volunteers who
helped with field and/or lab work JD McComas, Bryan Olejacz, Andy Orsborne, Charlie Russell,
Thomas Wilson ,but particular thanks goes to Bryan “Butturs” Olejacz, and Charlie Russell, who
helped me electroshock over the course of 2 years of work. I also want to thank research
assistant John Howell for his efforts in the organization of field studies and support in all aspects
of my graduate education. Thanks to Donna Hartman for treating me and all the grad students
like one of the family. I finally want to thank all my friends (Andy, Charlie, Doug, Ed, Garrett,
Jason, Jered, Ken, Murph, Phil, Proctor, Ryan, and Thorn) and family (Mom, Dad, Meredith, the
Marconi’s and Whitney’s) for their support over the years of my graduate study. A final thanks
to those WVU Rugby players that I had the privilege to coach over the last 5 years. I hope that as
I leave WV, I made a positive difference in the lives of many people on the WVU campus.

v
Table of Contents
Chapter 1. Introduction and Literature Review........................................................1
References..................................................................................................... 11
Chapter 2. The Role of Riparian Timber Harvest and Large Woody Debris
Additions in Structuring Stream Habitat and Thermal Regimes in Central
Appalachian Streams………………….………………………………………........ 20
Abstract........................................................................................................ 20
Introduction................................................................................................. 21
Methods........................................................................................................ 27
Study site description......................................................................... 27
Experimental design.......................................................................... 29
Habitat assessment ........................................................................... 30
Suspended sediment........................................................................... 32
Water quality and temperature.......................................................... 33
Riparian tree removal and Large Woody Debris additions...............34
Statistical analysis ............................................................................ 35
Results .......................................................................................................... 36
Pre-treatment analysis....................................................................... 36
Riparian tree removal………..………….......................................... 36
Large Woody Debris additions.......................................................... 37
Post-treatment habitat....................................................................... 38
Temperature changes........................................................................ 41
TSS and turbidity…………………………………………..................... 43
Discussion.................................................................................................... 44
LWD additions…………………......................................................... 44
Temperature effects…….................................................................... 46
Downstream temperature recovery................................................... 49
Temporal temperature recovery……………………………................ 50
TSS and turbidity…………………………………………..................... 50
References.................................................................................................... 52
Tables........................................................................................................... 62
Figures.......................................................................................................... 66
Chapter 3. The Role of Riparian Removal and Large Woody Debris Additions in
Structuring Brook Trout Populations in Central Appalachian Streams....... 81
Abstract........................................................................................................ 81
Introduction................................................................................................. 82
Methods........................................................................................................ 88
Study site description ........................................................................ 88
Experimental design.......................................................................... 90
Habitat assessment ………............................................................... 90
Riparian tree removal and LWD additions....................................... 92
Brook trout population estimates...................................................... 93
Statistical analysis............................................................................. 94
Brook trout populations........................................................ 94

vi
Brook trout movement........................................................... 96
Results .......................................................................................................... 97
Brook trout populations…………………......................................... 97
Brook trout size and condition…………………................................ 98
Brook trout movement…………………………................................ 99
Discussion..................................................................................................... 100
Brook trout populations…………………......................................... 100
Brook trout size and condition…………………................................ 103
Brook trout movement…………………………................................ 105
Best management practices and brook trout......................................106
References..................................................................................................... 110
Tables…........................................................................................................ 121
Figures…………………….......................................................................... 125
Chapter 4: Effects of riparian tree removal on Appalachian brook trout diet
during late summer………………………………………………………..….......... 137
Abstract........................................................................................................ 137
Introduction................................................................................................. 138
Methods........................................................................................................ 141
Study site description ........................................................................ 141
Experimental design...........................................................................143
Riparian tree removal….................................................................... 144
Terrestrial invertebrate inputs........................................................... 144
Brook trout diets ............................................................................... 145
Laboratory procedures………………….......................................... 146
Consumption and energy estimates................................................... 147
Statistical analysis............................................................................. 147
Results .......................................................................................................... 149
Effects of tree removal on invertebrates in brook trout diets............ 149
Proportional prey exploitation.......................................................... 152
Terrestrial prey consumption vs. availability…………………........... 153
Discussion.................................................................................................... 153
Effects of tree removal on invertebrates in brook trout diets............ 153
Important prey items.......................................................................... 156
References..................................................................................................... 160
Tables…………………………………….................................................... 164
Figures……………………………………................................................... 171
Chapter 5: Management Implication and Recommendation for Best Management
Practice’s………………………………………………………………………................. 180
Riparian tree removal…………….…………................................... 181
Large woody debris additions……….……………………….......... 185
Canopy cover, basal area, and slope ............................................... 188
References.................................................................................................... 191
Vita ........................................................................................................................... 194

1
Chapter 1. Introduction and Literature Review

Forest cover influences numerous physical, chemical, and biological processes of stream
ecosystems. Forest cover is an important controlling factor of stream hydrology (Dunne and
Leopold 1978), and deforestation may result in altered stream baseflow and stormflow (Likens et
al. 1970, Wright et al. 1990). Shifts in channel morphology and increased sediment yields often
follow hydrologic alterations (Knighton 1998). Forest cover also influences stream water
temperature through shading of the stream surface and by maintaining cool soil and air
temperatures in both riparian and upland areas (Brosofske et al. 1997). Furthermore, forest cover
affects stream nutrient budgets in temperate regions (Likens et al. 1970, Bolstad and Swank
1997).
Riparian forests have been defined in several different ways: 1) as ecotones between
aquatic ecosystems and upland terrestrial ecosystems, 2) as distinct ecosystems that are
delineated by the spatial extent of hydrologic influence from an adjacent water body, or 3) more
broadly as corridors with proximity to stream channels that are the setting for a number of
terrestrial-aquatic linkages (Malanson 1993). In undisturbed landscapes, riparian ecosystems are
characterized by bi-directional interactions and mutual dependence of terrestrial and aquatic
ecosystems (Nakano and Murakami 2001). In the past twenty years, riparian forests have been
studied intensively due to recognition of their capacity to buffer streams from watershed land use
disturbances. Riparian buffer is a term often used interchangeably with riparian ecosystem.
However, buffer emphasizes a unidirectional interaction and the role that riparian zones play in
protecting aquatic ecosystems from the effects of disturbed landscapes. It should be
acknowledged that this term de-emphasizes the significance of riparian forests as unique
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terrestrial habitats that are in turn dependent upon adjacent aquatic ecosystems (Sanzone et al.
2003).
In addition to buffering freshwater ecosystems from watershed land use disturbances,
riparian forests have a number of functions that support aquatic ecosystems. Riparian forests
help control thermal regimes, input terrestrial organic matter, and stabilize instream habitat. In
headwater streams, riparian forests form a canopy over the stream channel, reducing insolation
and greatly impacting stream water temperature regimes. Riparian forests also impact stream
thermal regimes by maintaining a thermal buffer of cool air and soil temperatures adjacent to
streams (Brosofske et al. 1997). Consequently, streams with riparian forests are cooler and have
less diel and seasonal fluctuation in temperature than pasture streams (Sweeney 1992, Chen and
Chen 1994). Thermal functions of buffers are important because temperature affects water
quality, ecosystem functions, and aquatic taxa that have narrow thermal tolerance ranges
(Rutherford et al. 1997).
It has been argued that riparian buffers are one of the single most important factors
affecting the integrity of aquatic ecosystems today (Sweeney 1992). Research has shown that
riparian buffers in agricultural watersheds are highly effective at retaining sediment and nutrients
in runoff from upland disturbance (Lowrance et al. 1997). In general, retention of sediment is a
positive function of buffer width and a negative function of buffer hillslope (Wenger 1999).
Longitudinal continuity of riparian buffers along stream corridors may also be required for
effective sediment retention (Rabeni and Smale 1995). Sediment retention is an extremely
important buffer function, considering the many detrimental ecological and economic effects of
fine sediment in streams and rivers (Waters 1995).

3
Riparian vegetation plays an important role in the biotic associations in streams
(Cummins et al. 1984). Riparian vegetation influences the physical channel and allochthonous
and autochthonous sources of organic inputs to the streams (Cummins et al. 1984, Hetrick et al.
1998a). Removal of the riparian overstory vegetation changes the trophic status of a stream from
primarily allochthonous energy sources to primarily autochthonous energy sources (Cummins
1974, Minshall 1978). With removal of the canopy, light and water temperature usually increase
and the input of nutrients may change (Cummins 1974). Other investigators have studied the
effects of clear-cut logging on stream morphology (Toews and Moore 1982a), large and small
organic debris inputs and processing (Toews and Moore 1982a, 1982b), macroinvertebrate
communities (Newbold et al. 1980, Murphy and Hall 1981, Hawkins et al. 1983, Duncan and
Brusven 1990), and fish communities (Sheridan and McNeil 1968, Burns 1972, Murphy and Hall
1981, Murphy et al. 1981, Hawkins et al. 1983, Heifetz et al. 1986, Johnson et al. 1986). Dolloff
(1986) and Elliott (1986) evaluated the effects of stream cleaning after clear-cut logging on fish
communities in small streams in southeast Alaska, and found that fewer juvenile salmonids were
present in sections of streams that had woody debris removed than in streams with debris intact.
Riparian logging can alter the biological, chemical, and physical processes and features
that shape stream ecosystems and determine population density and community structure of
salmonids (Gregory et al. 1987, Reeves et al. 1993). Because these processes and habitat
features operate and vary at different time scales, the recovery of fish populations following
riparian logging represents an integrative response to multiple habitat attributes that change
through time (Gregory et al. 1987). For example, riparian canopy removal may increase stream
temperature or primary productivity, resulting in an increase in juvenile salmonid density and
growth during the summer (Bisson and Sedell 1984, Beschta et al. 1987, Bilby and Bisson 1992).
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Increases in salmonid productivity can be negated if temperature levels exceed thermal
tolerances and may last only a few decades as the canopy closes and riparian-dependent habitat
features (which operate at longer time scales and provide critical fish habitat) are degraded (Hall
and Lantz 1969, Murphy and Koski 1989, Bilby and Ward 1991).
Instream physical habitat is dynamic and governed by the interaction of riparian
vegetation, geomorphology and hydrology (Maddock 1999). Sweeney (1992) found that
forested reaches of streams have significantly greater bankfull width, and thus greater benthic
habitat than pasture reaches. Lammert and Allan (1999) showed that the percentage of pool
habitat was positively related to riparian forest cover. In addition, instream habitat diversity,
important to maintaining diverse aquatic assemblages, may be influenced by the length of
upstream riparian forest patches (Jones et al. 1999).
Large woody debris (LWD) plays an important role in structuring the trophic dynamics
of small streams. The abundance of LWD helps to define the degree of habitat complexity
through the formation of pools (Berg et al. 1998, Dolloff 1986), creation of cover and refugia
(Angermeier and Karr 1984), sorting and storage of sediment, and increasing bank stability
(Shields 1998). Sweka (2006) found that when large woody debris was added to Appalachian
streams new pools were formed, but overall pool area did not significantly increase. LWD can
also influence stream trophic dynamics by increasing retention of organic matter (Smock et al.
1989, Raikow et al. 1995) which serves as substrate and food sources for macroinvertebrates.
Allochthonous inputs are the main source of energy to small streams and debris dams are
important for leaf litter processing and energy retention within the stream (Vannote et al. 1980,
Raikow et al. 1995). Dams created by LWD also function as nutrient sinks as research has found
that debris dams in first and second order streams contain 58 to 75% of the standing stock of
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organic matter (Bilby and Likens 1980). Debris dams decrease nutrient spiraling length in small
streams and increase secondary production (Gurnell et al. 1995). Large woody debris also
functions as an important invertebrate substrate and is quickly colonized (Angermeier and Karr
1984). Habitat created by LWD may comprise only a small portion of the available habitat, but
can contribute the majority of the invertebrate biomass (Benke et al. 1984, Benke et al. 1985).
Loss of large organic debris that enters streams is an additional effect of removing trees from
riparian zones. Thus, LWD may influence all of the aforementioned key habitat components to
the life cycle of stream fish.
Small stream habitats and energy processing are closely linked to the surrounding
riparian zone. The riparian zone also supplies a direct energy source to stream fish in the form of
terrestrial invertebrate input (Wipfli 1997, Nakano et al. 1999, Kawaguchi and Nakano 2001, Utz
2007) which supplements a fish’s diet, especially during times of low aquatic invertebrate
abundance. With the close linkage between terrestrial and aquatic environments in the riparian
zone, anthropogenic disturbances along this ecotone have great potential to degrade stream
habitat and productivity.
Old-growth forests are rare in the Appalachians. Streams that flow through old-growth
forests exhibit higher nutrient levels and a greater abundance of LWD than streams flowing
through second-growth forests (Silsbee and Larson 1983). The amount of LWD in small streams
is related to the past landuse of the surrounding riparian area. The riparian forest surrounding
many central Appalachian streams was destructively logged during the late 19th and early 20th
century, which depleted much of the source of LWD (Flebbe and Dolloff 1995). The
establishment of streamside management zones (SMZ) and use of best management practices
(BMP) does much to minimize the impact of logging to stream systems (Davies and Nelson
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1994, Kochenderfer et al. 1997). Streamside management zones are now established to protect
riparian vegetation and stream habitat. Streamside management zones limit timber harvest to
approximately 50% of the basal area, thereby protecting the source of LWD, and prohibit the
construction of roads running parallel to the stream thereby reducing sedimentation. However, it
may be many more years before secondary growth within these SMZs can reach the age required
to contribute LWD in amounts equivalent to those seen in old growth systems. Mature stands in
the central Appalachians area are greater than 100 years old, and they may not begin to
contribute LWD in amounts seen in old growth until they reach 150 – 200 years. Meanwhile, the
lack of LWD has left streams with reduced habitat heterogeneity and productivity is reduced by
decreased retention of organic matter. This could be a factor currently limiting stream fish
production in the Appalachians.
Several studies have shown a positive correlation between salmonid abundance and the
amount of large woody debris in streams. Berg et al. (1998) and Fausch and Northcote (1992)
both found fish abundance was strongly correlated with total pool volume within a stream reach,
which was governed by the amount of boulders and LWD in western streams. Rates of
occupancy by salmonids in a given habitat type (e.g. pool, riffle, glide) increase with the amount
of LWD (Flebbe and Dolloff 1995, Young 1996, Neumann and Wildman 2002). Flebbe and
Dolloff (1995) warn that the response of trout to increased woody debris complexity cannot be
determined by simply comparing trout density and biomass between streams and that
manipulative study under controlled conditions are needed to conclusively determine the
relationship between LWD, habitat, and trout. The extensive work by Fausch and colleagues,
using habitat manipulation studies, found salmonid abundance increased in response to LWD
addition in Colorado streams (Riley and Fausch 1995, Gowan et al. 1994, Gowan and Fausch
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1996a, Gowan and Fausch 1996b). However, they found high rates of fish movement and
suggest that the observed increase in abundance was primarily due to increased immigration
rather than increased survival. Several researchers reported increases in abundance of juvenile
salmonids after clear-cut logging watersheds to the streambank (Johnson et al. 1986, Murphy et
al. 1986, Thedinga et al. 1989); they attributed increases in abundance of fish to increases in
abundance of prey that resulted from increased primary production. Murphy and Hall (1981)
found increased biomass, density, and species richness of aquatic vertebrate and invertebrate
predators in streams flowing through clear-cuts still exposed to sunlight when compared with
similar old-growth stands; increases were greatest in small first-order streams. They also found
that initial increases in production did not last as clear-cuts became reforested with secondgrowth red alder. In older clear-cut stream sections that had become shaded by deciduous forest
canopy, biomass of salmonids and macroinvertebrate taxa were lower than in old-growth
streams.
Conventional stream theory predicts that terrestrial subsidies, or allochthonous inputs,
dominate the energy base of food webs in headwater streams where primary production is
limited by shading (Vannote et al. 1980, Cummins et al. 1989). Allochthonous inputs are
typically dominated by riparian leaf litter, but woody debris, coarse particulate organic matter
(CPOM), fine particulate organic matter (FPOM), and dissolved organic matter (DOM) can also
be substantial inputs (Webster et al. 1999). Long-term exclusion of terrestrial detritus from a
headwater stream in the southern Appalachians highlighted the importance of terrestrial
subsidies in supporting diverse stream communities. Reduced production of multiple trophic
levels that followed exclusion of detritus demonstrated food web dependence on allochthonous
inputs (Wallace et al. 1997). Food web tracer studies using stable isotopes have also
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documented the importance of terrestrial organic matter as a basal resource in undisturbed stream
food webs (Bunn et al. 1989, Rosenfeld and Roff 1992). Stable isotope studies have
demonstrated shifts from food web dependence on allochthonous detritus to greater utilization of
instream autochthonous production when comparing forested stream reaches to pasture/grassland
reaches (Rounick et al. 1982, Hicks 1997). Thus, riparian subsidies of headwater food webs may
be important to stream ecosystem structure and function.
Although it is clear that riparian zones play a major role in regulating energy flow in loworder streams (Vannote et al. 1980), less is known of the trophic linkage that terrestrial
invertebrates create between riparian and stream food webs, for example, terrestrial invertebrates
serving as food for fishes (Wipfli 1997). Terrestrial invertebrates can comprise more than 50%
of energy intake by stream fishes and are often a preferred prey of juvenile salmonids (Hunt
1988). Nielsen (1992) found that terrestrially derived prey composed up to 28% of the total
energy intake of juvenile coho salmon (Oncorhynchus kisutch) in Washington, whereas Wipfli
(1997) reported that terrestrial prey composed over half of the biomass ingested by Dolly Varden
char (Salvelinus malma), juvenile coho salmon, and cutthroat trout (Oncorhynchus clarki) in
several southeastern Alaska streams. By constructing detailed annual budgets of terrestrial
inputs and their consumption by salmonids, Kawaguchi and Nakano (2001) demonstrated that
terrestrial invertebrates composed 53% of the annual prey consumption in a forested stream and
49% in a grassland stream. Terrestrial inputs were about twice as great in the forested stream
than in the grassland stream, but their contribution to fish diet was virtually identical. Research
in the Appalachians has shown that terrestrial prey organisms may play a large role in shaping
Appalachian brook trout growth rates throughout certain times of the year (Cada et al. 1987,
Ensign et al. 1991, Sweka 2003, Thorne 2004, Utz and Hartman 2007).
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Some evidence indicates that forest management, the species of riparian vegetation and
canopy type can greatly influence terrestrial invertebrate abundance and may affect the amount
of invertebrates that enter streams and fall prey to aquatic predators. Deciduous trees generally
support more invertebrates than conifers (Southwood 1961). Clear-cutting decreased arthropod
abundance the following year but increased their abundance the second year in North Carolina
(Schowalter et al. 1981). Overhanging vegetation influenced terrestrial invertebrate input in
some streams in Victoria, Australia, and terrestrial preys were more common in diets of fish
from sites with overhanging vegetation (Cadwallader et al. 1980). Riparian forests with a
substantial red alder (Alnus rubra) component may provide more terrestrially derived food for
juvenile coho salmon, cutthroat trout, and Dolly Varden char than those riparian forests with
only conifer (Wipfli 1997). Edwards and Huryn (1996) found that terrestrial invertebrates made
only a small contribution to trout diet in a New Zealand pasture stream. If plant species or forest
type influence terrestrial invertebrate communities, then riparian forest management will likely
play a major role in regulating food resources for fishes, especially in small streams.
Interestingly, the little research investigating the effects of timber harvest on inputs of terrestrial
invertebrates into streams has failed to find significant relationships despite evidence that
riparian vegetation composition affects terrestrial invertebrate communities (Allan et al. 2003,
Musselwhite and Wipfli 2004).
The objective of the study was to examine aquatic-terrestrial linkages and how habitat
and food resources influence populations of brook trout in central Appalachian streams. We
conducted a set of manipulative experiments in streamside zones within forested watersheds in
order to determine: (1) the effects of increased solar radiation on stream productivity, especially
brook trout, and (2) the effects of increased solar radiation on water quality, and (3) the effects of
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increased large woody debris inputs on stream productivity, brook trout, and water quality, and
(4) the effects of increased large woody debris inputs on instream habitat structure (pools).
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Chapter 2. The Role of Riparian Timber Harvest and Large Woody Debris Additions in
Structuring Stream Habitat and Thermal Regimes in Central Appalachian Streams

Abstract
The forested riparian area along many central Appalachian streams contains large
volumes of harvestable timber. Best management practices (BMP) and streamside management
zones (SMZ) have been developed to minimize the impacts of riparian timber harvest. Large
woody debris (LWD) is an important component of forested streams and its role in chemical,
biological, and physical processes in streams is complex. The extraction of timber within the
streamside management zone reduces the amount of material available for aquatic structure.
Three-250 m study reaches were established on eight Appalachian headwater streams. Four of
the streams were assigned the treatment of having a 50% basal area removal of SMZ timber and
four were assigned a 90% basal area removal of SMZ timber. The down and up sections of each
stream were then randomly assigned to be either basal area removal treatment or basal area
removal plus instream LWD addition treatment with reference sites located upstream of the
treatment sections. Pool habitat features changed substantially in all three sections, with
variation between post-harvest study years. Pool numbers in the LWD addition section
decreased from 23 to 21 (-9%) 1 year (2007) after the additions, then increased to 29 (38%), 2
years (2008) after the additions. The mean number of LWD pieces in streams increased within
the LWD sections, but retention of LWD was poor in all stream sections as mean pieces of LWD
decreased from year 1 (2007) to year 2 (2008). However, pool area did not increase after the
addition of LWD. The inability of LWD additions to increase pool area may be due to the fact
that the added LWD had not been in the streams long enough to become incorporated into the
streambanks, and the majority of LWD additions were felled across the stream channel and were
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hanging above the bankfull channel. The full potential of the added LWD to modify the stream
channel morphology may not be realized for many more years. Post-harvest stream temperature
exhibited a constant pattern of increased warming as water moved downstream through the
harvest zones. Mean maximum daily temperature downstream of timber harvest in 90% removal
streams was an average of 3.1oC warmer than above harvest sections, and mean daily
temperature was 1.1oC warmer. The 50% removal streams did not exhibit the large increases in
stream warming seen in the 90% removal streams. In some 90% removal streams there was
some temperature recovery as water flowed through the buffer zones. We suspect that the
addition of large woody debris and tree tops played a significant role in mitigating the effect of
riparian tree removal in our study.

Introduction
In the Southern Appalachians, many forests are relatively mature, but they lack the
characteristics of an old growth forest. Streams flowing through previously logged secondgrowth forest differ from streams that drain old growth forests. In particular, many secondgrowth forest watersheds were logged at a time when the stream was cleared of woody debris to
facilitate the downstream transport of timber (Dolloff 1994). In many of these watersheds, trees
are not as old as those in old growth forests. The streams draining these forests lack the woody
debris structure of streams that drain old growth watersheds (Bryant 1983, Silsbee and Larson
1983, Bisson et al. 1987, Murphy and Meehan 1991, Flebbe and Dolloff 1995).
Large woody debris (LWD) is an important component of forested streams and its role in
chemical, biological, and physical processes in streams is complex. Large pieces of woody
debris trap smaller organic particles (Naiman and Sedell 1979), and often form debris
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accumulation dams that regulate export (Bilby and Likens 1980) and decomposition (Reice
1974) rates of organic material. Large woody debris also retains transported sediment (Bilby and
Ward 1989) and is important in the cycling of nutrients (Bilby and Likens 1980). Woody debris
provides stable substrates for aquatic organisms such as bacteria (Triska et al. 1984), fungi
(Shearer 1972), and invertebrates (Anderson et al. 1978, Benke et al. 1984, Sedell et al. 1988),
all of which decompose wood and represent major components of the trophic food web of stream
ecosystems by providing long-term food for aquatic organisms (Dudley and Anderson 1982).
Large woody debris plays an important role in structuring stream habitat. For example
large pieces of woody debris are important determinants of channel morphometry in mountain
streams (Heede 1972, Keller and Swanson 1979), and debris removal can cause dramatic
changes in channel formation (Beschta 1979). Instream woody debris physically alters stream
channel morphology creating areas of local channel scour and deposition (Beschta and Platts
1986, Fausch and Northcote 1992). Habitat for fish and aquatic organisms is created by woody
debris altering channel morphology and through the dissipation of stream energy (Keller and
Swanson 1979, Montgomery et al. 1995). Instream woody debris also plays critical roles in
creating cover for fish (Tschaplinski and Hartman 1983).
The abundance of LWD helps to define the degree of habitat complexity through the
creation of cover and refugia (Angermeier and Karr 1984), sorting and storage of sediment,
increasing bank stability (Shields 1998), and the formation of pools (Berg et al. 1998).
Hilderbrand et al. (1997) found that after LWD additions, pool area increased significantly in a
low gradient (approximately 1%) stream while it did not change in a high gradient (3-6%)
stream. They also noted that in the high gradient stream, some of the pools created by their
LWD additions quickly reverted back to riffle habitat. In another Appalachian stream, Sweka
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and Hartman (2006) found that new pools were formed by the addition of LWD, but overall pool
area did not increase significantly. The relatively high gradient of these streams may have
precluded the added LWD from having a significant influence on stream channel morphology
and habitat complexity (Sweka and Hartman 2006). Sweka and Hartman (2006) found that
channel structure in Appalachian headwater streams was dynamic, and as new pools were
created by LWD, other pools were lost. Additionally some of the pools created by the LWD
were only temporary; forming one year and filling by the following year.
Numerous studies have shown positive correlations between salmonid abundance and the
amount of pool habitat in streams. Fausch and Northcote (1992) and Berg et al. (1998) both
found that fish abundance was strongly correlated with total pool volume within western streams,
with pool volume influenced by the amount of boulders and LWD. Research has indicated
salmonid abundance is positively related to pool area (Hunt 1971, Bowlby and Roff 1986).
Occupancy rates by salmonids in a given habitat type (e.g. pool, riffle, glide) have been shown to
increase with the amount of LWD present (Flebbe and Dolloff 1995, Young 1996, Neumann and
Wildman 2002). Bonneau and Scarnecchia (1998) demonstrated a preference by bull (Salvelinus
confluentus) and cutthroat (Oncorhynchus clarki) trout for pool habitats in high gradient (3-8%)
stream systems. Flebbe (1999) reported a preference of brook trout (Salvelinus fontinalis) for
pool habitats in southern Appalachian stream systems. Hankin and Reeves (1988) and Herger et
al. (1996) reported higher densities of salmonids in pools than in riffles. Hunt (1971) suggested
the amount of pool habitat is an important component governing salmonid stream abundance.
Trout density within pools can also be a function of the amount of cover present (Lewis 1969).
Salmonids tend to be found in greater densities as instream cover improves (Wesche 1974,
Fraley and Graham 1981, Bisson et al. 1982, Heifetz et al. 1986). In addition, during summer
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low flow conditions pool habitat is extremely important to salmonids. Salmonid carrying
capacity has been suggested to be limited by habitat availability during summer low flow
conditions (Elliot 1993, Lestelle et al. 1993). Elliot (2000) demonstrated deeper pool habitats
maintained lower water temperatures and higher dissolved oxygen levels during drought periods
than did shallower pools. Stream salmonids have been shown to seek pool areas during reduced
flow conditions (Randolph and White 1984, Binns 1994, Huntingford et al. 1999, Elliot 2000).
Hakala and Hartman (2004) found adult and YOY brook trout densities were 60% and 67%
lower, respectively, after a drought period, with body condition also significantly lower. Kraft
(1972) suggested the movement of brook trout into pools was in response to degrading habitat
conditions.
The forested riparian area along many central Appalachian streams contains a large
amount of harvestable timber. These riparian zones were clear-cut logged during the late 19th
and early 20th century, thereby depleting much of the available source of large woody debris
(Flebbe and Dolloff 1995). These timber harvests also cleared the stream channel of
obstructions like boulders and large woody debris, thereby decreasing streambank stability and
increasing sedimentation (Eaglin and Hubert 1993). These streams are now facing another wave
of timber harvest as the forests again reach maturity. Due to the prevalence of headwater
streams in West Virginia it is these riparian forests that are most likely to be harvested. Best
management practices (BMP) and streamside management zones (SMZ) have been developed to
minimize the impacts of riparian timber harvest. Within the U.S.A., actual guidelines and
requirements vary by region and state (Lee et al. 2004). West Virginia BMP’s require a SMZ
that is at least 30 m wide (for perennial and intermittent streams) and is road-free (West Virginia
Division of Forestry 2005). Streamside management zones in some states limit timber harvest to
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< 50% of the basal area, thereby protecting the source of large woody debris to the stream. In
addition, West Virginia BMP’s require felled tops in streams to be pulled from the stream
channel on all perennial and intermittent streams to prevent bank erosion and channel blockage
despite the fact that BMP guidelines state that large woody debris in the riparian areas and
stream channels can be beneficial to aquatic life (West Virginia Division of Forestry 2005).
Logging debris refers to the tops, limbs, leaves, bark and non-merchantable logs or trees
that might accumulate in lake or stream ecosystems as a consequence of a logging operation
(Narver 1971). The accumulation of logging debris in rivers and lakes may yield structural as
well as chemical changes in fish habitat (Narver 1971). The input of coarse (large branches,
trees, etc.) and fine (small branches, leaves, needles, bark) woody debris is a natural process in
forest ecosystems and plays an important role in providing fish habitat. Debris provides habitat
structure both for predator and prey species seeking cover as well as a source of nutrients for
lower trophic levels (Narver 1971). The extraction of timber may reduce the amount of material
that may be available for aquatic structure. The accumulation of coarse and fine debris as a
result of logging, however, may act to offset potential LWD input losses due to harvesting, and
may improve existing habitat structure. Hicks et al. (1991) note that the potential benefits to fish
include a short term increase in food production and survivorship resulting from increased
organic matter and improved cover. The initial benefits imparted on fish habitat by debris inputs
may, however, become overwhelmed by the negative impacts associated with high debris
loading.
A number of physical changes accompany excessive debris inputs which may be
detrimental to fish and fish habitat. Organic debris may fill the interstices of gravel and rubble,
subsequently reducing the suitability of certain sites for spawning fish, and possibly smothering
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eggs and developing embryos (Narver 1971). In addition, coarse material may scour riverbanks
and streambeds, consequently generating erosion and disrupting spawning habitat. Logging
debris may impose a barrier to fish movement where high debris input has resulted in a 'log jam'
(Narver 1971). Log jams are perhaps the most obvious manifestation of excessive debris.
Although accumulations sufficient to prevent fish movement are rare, it is a problem that has
emerged in coastal areas in Oregon and California (Merrell 1951, Holman and Evans 1964). Log
jams are generally felt to be more likely where steep slopes encourage the entry of debris into
associated water bodies (Narver 1971). Excessive debris inputs may alter the chemical
environment in aquatic ecosystems. The breakdown of organic debris produces high biological
oxygen demand (BOD) caused by the respiration of bacteria, fungi and protozoa (Narver 1971,
Freedman 1989). Further, soluble organic substances, such as wood sugars which are leached
from woody material exert a high chemical oxygen demand (COD). Reduced dissolved oxygen
concentrations can adversely affect the swimming performance of juvenile and adult fish, may
elicit avoidance reactions and halt migrations, may result in poor feeding behavior and in
extreme cases, and cause mortality (Davis 1975, Bjornn and Reiser 1991).
The modification of water temperature in forested streams due to timber harvesting has
been shown repeatedly in various forest landscapes. The most noticeable differences are
generally observed in small, forested streams. Meehan et al. (1969) noted a maximum
temperature increase of 5.0°C after logging in an Alaskan stream. Long term research from the
Fernow Experimental Station in West Virginia showed that clear-cutting of a 20 m wide riparian
strip and clearing of the stream channel raised stream temperatures as much as 7.8°C (Patric
1980). Work in Alberta by Nip (1991) showed an increase in July and August temperatures by
3.8°C. When streamside vegetation was retained in the form of a buffer strip, temperatures for
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the same time period increased an average of only 1.8°C (Nip 1991). Brown and Krygier (1970)
found no increases in temperature attributable to logging when buffer strips were maintained.
Nicholson (1975) in studying boreal forests, found water temperatures showed a significant
increase after logging. Increased water temperature due to logging is felt to be most noticeable
in small streams bordered by tall, mature or over-mature forests.
Because all of these functions of streamside logging influence the quality of food and
habitat resources available to fish, changes in the streamside zone and instream abundance of
woody debris can be expected to induce changes in fish habitat. Depending on the magnitude of
input, changes in fish habitat associated with streamside logging and instream logging debris
may yield both positive and negative effects on fish populations in forested watersheds. This
study seeks to investigate the ecological effects of riparian harvest at moderate and high
intensities, the addition of LWD into streams, and the effects that these management techniques
have on riparian canopy cover, instream habitat, and instream temperatures.

Methods
Study site description
This study was conducted in eight tributaries of the Middle Fork River, Randolph
County, West Virginia. The watershed is located in the Allegheny Plateau physiographic
province. The study streams were Birch Fork (BF), Kittle Creek (KC), Mitchell Lick (ML),
Rocky Run (RR), Schoolcraft Run (SCR), Mulberry Fork (MF), South Fork Panther Run (SPR)
and North Fork Panther Run (NPR) (Figure 1). All streams were small, low order, and relatively
high gradient (Table 1). Stream elevations ranged from 685 to 929 m. The pre-treatment percent
canopy cover of these streams averaged 93%, and stream temperatures remained adequate for
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brook trout for the majority of the year with temperatures rarely exceeding 20°C. The
surrounding watersheds of all streams were actively managed for fiber production by the
MeadWestvaco Corporation (property was sold to Penn Virginia Corporation in fall 2007), and
timber harvest activities occurred in all watersheds throughout the study. The age of the
surrounding forest ranged from 65 to 85 years and was dominated by yellow birch (Betula
alleghaniensis), yellow poplar (Liriodendron tulipifera), black birch (Betula lenta), and sugar
maple (Acer saccharum). All riparian areas were logged in the past with the greatest logging
activity occurring in the early 1900’s and sporadically since the 1930’s. Timber harvest
followed West Virginia BMP’s with harvest restricted to 50% of the basal area of trees within
SMZs. The width of the SMZs ranged from 15 to 50 m depending on slope with further
guidelines that prohibit the operation of heavy machinery, and construction of logging roads.
Instream crossings are permitted so long as the associated road enters and exits the SMZ in the
shortest possible distance and a temporary culvert and sediment control devices are established
(West Virginia Division of Forestry, 2005). Although limited harvest is permitted in SMZs, no
such activity occurred along any of the study streams during the course of the study except where
designated. Evidence of prior timber harvest (all > 10 years before start of study) was apparent
along all the steams with the presence of abandoned logging roads and railroad grades, stream
crossings, and eroded stream banks in some areas.
All streams have had limestone sand added annually by the West Virginia Department of
Natural Resources and the West Virginia Department of Environmental Protection since the mid
1990’s (WVDNR 2001). The underlying Pottsville geology has a very low buffering capacity;
therefore limestone sand is added to mitigate the effects of acid precipitation and acid mine
drainage in efforts to improve water quality in the mainstem of the Middle Fork River.

29
Limestone is added by depositing a pile of sand on the streambank which is then swept into the
stream under high flow events. This method of water quality enhancement has well documented
success in elevating stream pH, increasing macroinvertebrate abundance, and restoring fish
communities in West Virginia streams (Clayton and Menendez 1998, Clayton et al. 1998,
McClurg et al. 2007).
Typical of Appalachian headwater streams, fish species diversity was low in all of the
streams in this study. Brook trout was the dominant species. Other species found included
mottled sculpin (Cottus bairdi) and blacknose dace (Rhinichthys atratulus).
The study began in January 2005, as eight candidate streams were chosen from eighteen
streams within the Middle Fork River watershed in consultation with the MeadWestvaco
regional timberlands manager (Mr. Aaron Plaugher) and MeadWestvaco Wildlife Ecosystem
Research Forest manager (Dr. Patrick Keyser). Treatment streams were ultimately chosen based
on a similarity in the following criteria: geology, presence of instream liming, stream order, total
stream length, slope, recent timber harvest activities, presence of brook trout, and access. During
the summer of 2005 pre-harvest instream habitat measurements were taken. In July 2006
commercial timber harvests commenced in the SMZs of the 8 streams. Timber harvest was
finished at 7 of the streams by November 2006. Harvest on one stream (Kittle Creek) was not
completed until March 2007.

Experimental design
Three-250 m study reaches (designated down, up, and reference reaches according to
their relative position along the stream gradient) were established on each of the 8 streams and
these reaches were separated by 100 m buffers (Figure 2). Each stream was then randomly
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assigned treatment to a 50% or a 90% removal (basal area), which remained undisturbed
throughout the study (Table 2). The down and up sections were then randomly assigned to be
either basal area removal (removal) treatment or basal area removal plus instream LWD addition
(removal + LWD) treatment. Reference sites were always located upstream of the treatment
sections, to eliminate potential impacts of the treatments. There was not a “true” control stream
without any habitat manipulation because stream to stream differences in habitat were greater
than those within streams. The experiment was designed to determine if critical fish habitats
such as pools, assessed by pool numbers, pool area, and temperature, increased in years
following habitat manipulations.

Habitat assessment
Stream fish abundance has been shown to be related to physical habitat (Neumann and
Wildman 2002, Warren and Kraft 2003) as well as water quality (Gagen et al. 1994, Nilslow and
Lowe 2003) and as such, we sought to quantify these variables in our study. Habitat was
surveyed during baseflow conditions according to a modified basinwide visual estimation
technique BVET (Hankin and Reeves 1988, Dolloff et al. 1993, Simonson et al. 1994, Herger et
al. 1996, Dolloff et al. 1997). Pre-harvest habitat data was assessed during baseflow conditions
between 15 July and 30 July 2005. Post-harvest habitat data was assessed two times during
baseflow conditions between 15 July and 2 August 2007, and again between 5 September and 15
2008. Individual habitat units were classified as pools, riffles, runs, or cascades according to
criteria outlined in Arend (1999). Pools were considered areas of relatively low current velocity,
greater depth, and laminar flow. Riffles were considered areas of lesser depth, greater current
velocity, and broken water surfaces. Runs were considered areas where depth was shallower
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than pools; current velocity was greater than pools, but still maintained laminar flow and
unbroken water surfaces. Cascades were considered areas with steep slope (> 7%), high current
velocity, and a stepped longitudinal profile, or areas that were a series of falls. If the habitat unit
was a pool, the pool-forming mechanism was noted as boulder scour, LWD scour, bank scour, or
freeform (Rosenfeld et al. 2000). Physical features measured in each habitat unit included
length, wetted width, and water depths. The length of each habitat unit was measured along the
thalweg (stream center) to the nearest 0.1 m. Wetted and bankfull widths were visually estimated
at transects established at 25%, 50%, and 75% of the thalweg length. Depth was measured at
three points along each transect to the nearest cm. At every fifth habitat unit, the wetted and
bankfull widths were both estimated and verified by measuring to the nearest 0.1 m. The area of
each habitat unit was estimated by multiplying the mean estimated wetted and/or bankfull width
by its length. Estimated areas were then corrected by regression of verified area on estimated
area and predicted values of the regression equation were used as the area of the habitat unit.
Habitat unit areas were then summed by unit type to obtain an estimate of the total area of each
unit type within each stream.
Several other habitat features were also inventoried within each basin. Percent canopy
closure (Mills and Stevenson 1999) was estimated along the stream thalweg. In 2007, using
benchmarks at the downstream reach of the study streams, canopy closure was estimated in each
section with a digital camera (Model: Hewlett Packard, HP photosmart 850, t 7.6- 61mm)
approximately every 50 m along the stream thalweg . At each point a picture (25 x 20 cm) of the
overhead canopy was taken with a digital camera (for records and count), with the camera fixed
at a point 1m off the ground. A 500 count grid (1 x 1 cm) was then overlaid on the digital photo
and percent of closed canopy cover was counted. An individual grid that had greater than 50%
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coverage of trees or leaves was considered a closed canopy grid. An individual grid that had less
than 50% coverage of trees or leaves was considered an open canopy grid.
Large woody debris was considered any piece of wood with at least a portion within the
bank full channel that could be wet under bank full flows (Overton et al. 1997). All LWD was
inventoried based on estimated diameter and length classes. The minimum size was defined as
10 cm diameter and 1 m length, to account for all woody debris which may be large enough to
serve as structure in defining small stream morphology (Richmond and Fausch 1995).

Suspended sediment
We developed a Total Suspended Solids (TSS) – turbidity curve to allow us to predict
TSS in each stream from turbidity and discharge measures (Sanders 2004). To evaluate the
effect of SMZ manipulation intensity upon TSS and deposited sediment, we measured these
variables above and below each treatment reach on our streams. Suspended sediments were
sampled opportunistically following rainfall events and during normal flow conditions associated
with other sampling activities during summer 2007 and 2008. Turbidity (nephelometric turbidity
units, or NTUs) was measured with a LaMotte (Model 2020e) turbidity meter (±0.05 NTU). One
liter water samples were collected mid-stream and at a consistent rate from the surface to the bed
and back to the surface (Beschta 1996). Water samples were filtered through pre-weighed glass
fiber filters (pore size: 0.7μm). The filters were then dried at 105°C in an Isotemp oven for 24
hours and then weighed to the nearest ±0.0001 mg (Beschta 1996). Turbidity measurements also
were taken with a concurrent discharge measurement in order to calculate TSS loads of each of
the study streams (Beschta 1996). Discharge was taken at 60% depth using a flow staff and a
digital flow meter, in ten equal cells in a cross-section of the stream (Bain 1999).
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Water quality and temperature
Water quality was measured periodically throughout the four year study duration during
all seasons. We used a YSI® hand held meter (Model 600R) to measure dissolved oxygen, pH,
temperature, and specific conductivity. Temperature loggers (Hobo ® Water Temp Pro), were
deployed at locations in each stream to record post harvest hourly temperature measurements
from 6 April 2007 thru 25 October 2008 (dates varied by stream). To minimize potential for
heating by solar radiation absorption, the loggers were housed in polyvinyl chloride (PVC) pipe
with multiple holes drilled through to promote water exchange, and all were placed in shaded
locations (below undercut banks or large wood). Temperatures were recorded every 1 h and
were averaged within days to generate daily maximum and mean temperatures in each stream.
Several temperature loggers were lost during the first year of the post-harvest and because of this
we were only able to make year 1 post-treatment comparisons between the three sections on
South Branch Panther, the 90% basal area removal and reference section of Mitchell, the 50%
removal and LWD addition section of North Panther, and the 90% removal and LWD addition
section of Schoolcraft. In 2008, we redeployed temperature loggers in the streams in a different
array. We deployed temperature loggers in 5 locations (0 m down, 250 m down, 0 m up, 250 m
up, and 150 m reference) in each stream (Figure 2). We placed the temperature logger at the 150
m mark of the reference section to estimate the amount of natural stream warming in 250 m of
stream (150 m reference plus 100 m buffer). We deployed the temperature loggers in two
batches due to a limited amount of loggers: the loggers were deployed on the following streams
from 18 June 2008 thru 27 July 2008; Birch Fork, Kittle Creek, Mitchell Lick, and Rocky Run.
The temperature loggers were then removed from each stream, the data downloaded and then
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redeployed in the same array from 5 August 2008 to 25 October 2008 on the remaining streams;
Schoolcraft Run, North Panther Run, Mulberry Run, and South Panther Run.

Riparian tree removal and LWD additions
Riparian tree removal and large woody debris additions began in July 2006 by 3 separate
crews of loggers. Each logging crew was instructed to harvest trees within the SMZ as they
normally would at any other site while abiding by WV Forestry BMPs. All trees felled within
the removal only section were removed from the stream channel after harvesting. In the large
woody debris addition section each logging crew was instructed to target 40 trees for felling in
each reach. The trees selected for felling were spaced approximately every 15 m of stream.
Loggers felled one tree on each side of the stream with the hope that the two trees would anchor
themselves to one another and create debris dams. Felled trees were selected based on size (> 10
cm dbh), and by the ease with which the loggers could fell the tree into the stream channel. In
the large woody debris addition section, tree tops and branches that fell into the streams during
harvest were left in place, so that they could create debris dams. Unlike previous studies, felled
trees were not bucked so that the tree came in contact with the stream bed (Sweka 2003). The
purpose of this study was to determine if normal timber harvesting techniques were able to
increase instream habitat and productivity, as such we did not want extra time and effort spent by
logging crews bucking logs as they normally would not do so during the course of typical
riparian tree harvest.
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Statistical analysis
We tested several hypotheses concerning the added large woody debris. The initial
number and volume of LWD prior to treatment application was compared between the 50% and
90% streams using a one-way analysis of variance (ANOVA) with stream sections as replicates.
A repeated measures analysis of variance with the streams as the subject and the two scales of
harvest as the treatment was used to determine if the number of pieces and volume of LWD
increased over time and if there was a difference between stream sections (ANOVA; PROC
MIXED SAS® version 9.1).
Initial numbers of pools, mean pool length (m), mean pool area (m2), and mean percent
pool area between sections on each stream were compared using an analysis of variance.
Following removal and large woody debris additions, we used analysis of variance with the
treatment effect of percent basal area removal as the subject to determine if there was a
difference in mean number of pools, mean pool length, and mean pool area (m2) for stream
sections between years. In 2007, post treatment percentage canopy closure was compared on
each stream within treatment sites using two-sample paired t-tests to determine changes in
canopy cover from reference conditions.
To determine whether SMZ harvest affected mean or maximum summer stream
temperatures, we contrasted stream sections after logging (2008) with a maximum likelihood
using analysis of variance (ANOVA; PROC MIXED, SAS version 9.1). For the purposes of
determining summer stream temperature differences, we used two separate 40-day periods for
analysis (Period 1: 18 June to 27 July, Period 2: 5 August to 13 September). The model included
the main effects of treatment (50% or 90% basal area removal), sections within treatment, and
the interaction between treatment and sections. Post hoc treatment effects were analyzed using
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LSM. To determine if there were differences in mean turbidity and sediment load between the
reference and treatment sections we used t-tests.

Results
Pre-treatment analysis
Prior to habitat manipulation we analyzed several habitat metrics to determine if stream
sections had equivalent pool habitat. Prior to timbering, the number of pools (p = 0.530), total
pool length (p = 0.586), mean pool area (p = 0.541), and total pool area (p = 0.909) per stream
section were not different between streams (Table 2).

Riparian tree removal
Canopy closure was variable across our treatments post harvest. Following harvest, mean
canopy closure of the 50% treatment group was 83.4% in the removal and 85.1% in the removal
+ LWD sections (Figure 3). After harvest mean canopy closure in the 90% removal treatment
was 39.8% in the removal and 38.2% in the removal + LWD addition section (Figure 4).
Removal of 90% of the streamside basal area was not achieved in some locations because
loggers left residual trees where soil and slope conditions would have resulted in compromising
the stream bank or slope.
Individual streams varied in post-harvest percent canopy closure between harvested
sections and reference sections (Table 3). In one 90% removal stream, canopy closure was
reduced to 20.2% in the R + LWD section and 18.1% in the removal section while another 90%
removal stream had canopy closure of 67.6% and 57.8% respectively in the removal and removal
+ LWD sections.
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LWD additions
Prior to habitat manipulation the number of pieces of LWD per 250 m stream reach was
not significantly different between the 50% and 90% removal streams (p = 0.233) or volume (p =
0.382). The numbers of pieces of LWD per 250 m stream reach averaged 108.2 in the 50%
removal streams and 135.0 in 90% removal streams (Figure 5). The volume of LWD per 250 m
stream reach averaged 58.2 m3 in the 50% removal streams and 63.5 m3 in 90% removal streams
(Figure 6).
Following logging the number and volume of LWD in removal + LWD addition sections
of streams increased while LWD volume decreased in reference sections. The summer after
logging and LWD addition (2007), the mean number of LWD pieces in 50% removal streams
increased to 231.0 (119%) in the removal + LWD sections (p = 0.004, Figure 5). In 2007, the
mean volume of LWD in 50% removal streams increased to 91.3 m3 (56%) (p = 0.049, Figure 6).
We found similar trends in the 90% removal streams as the mean number of LWD pieces in
2007 increased to 305.3 (91%) in the removal + LWD sections (p = 0.030) (Figure 5). The mean
volume of LWD increased to 107.0 m3 (41%) in the removal + LWD sections (p = 0.477, Figure
6). In the year after logging and LWD addition, we found small increases of the number of
pieces of LWD in the removal sections in both the 50% and 90% removal streams. These pieces
were likely small logging slash that were moved into the bankfull channel during high flows.
Mean volume of LWD decreased in the removal section in both 50% and 90% treatments in
2007. Both the 50% and 90% reference sections had decreases in mean pieces and volume of
LWD.
Retention of LWD was poor in all stream sections as mean pieces of LWD decreased
from 2007 to 2008. The mean number of LWD pieces in 50% removal streams decreased to
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168.5 (-37%) in the removal + LWD sections (p=0.205, Figure 5). The mean volume of LWD
decreased to 35.9 m3 (-154%) (p = 0.010, Figure 6). We found similar trends in the 90%
removal streams as the mean number of LWD pieces decreased to 241.3 (-27%) in the removal +
LWD sections (p=0.642, Figure 5). The mean volume of LWD decreased to 58.4 m3 (-83%) in
the removal + LWD sections in 2008 (p = 0.166, Figure 6). The mean number of LWD pieces in
reference sections in both 50% and 90% removal streams decreased from 2005 to 2008 (Figure
5). The mean volume of LWD in reference sections decreased from 2005 to 2008 in both 50%
and 90% removal streams (Figure 6).

Post-treatment habitat
In the 50% removal streams, pool habitat features changed substantially in all three
sections, with variations between post harvest study years. Pool numbers in the removal + LWD
section decreased from 23 to 21 (-9%) one year after the additions, then increased to 29 (38%),
two years after the additions. Pool numbers substantially decreased in the other two sections,
decreasing from 32 to 23 (2007) and 22 (2008) in the removal and from 26 to 20 (2007) and 19
(2008) in the reference section (Table 4). Analysis of the 50% basal area removal sections found
no significant differences in the number of pools between years for stream sections. All new
pools created in the removal + LWD addition section were caused by the addition of LWD or
tree tops. Mean pool length decreased in all sections from 2005 to 2007, but increased in the
removal + LWD section in 2008 (33%). Analysis of the 50% basal area removal sections found
no significant differences in the mean pool length between years for stream sections. Mean pool
area in the removal + LWD section decreased from 2005 to 2007 (-31%), and then increased in
2008 (18%). Mean pool area declined in the other two stream sections. Mean pool area
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decreased from 125.0 m2 to 101.6 m2 (2007) and 86.9 m2 (2008) in the removal section, and
from 314.2 m2 to 268 m2 (2007) and 260.5 m2 (2008) in the reference section (Table 4).
Analysis of the 50% basal area removal sections found no significant differences in the mean
pool area between years for stream sections. Total pool area in the removal + LWD sections
decreased from 2005 to 2007 (-28%), and then increased in 2008 (24%). Total pool area
declined in the other two stream sections, decreasing in both 2007 and 2008 in the removal
section and the reference section (Table 4).
Total stream area occupied by pools in the 50% removal streams decreased most
dramatically in the removal and reference sections. The removal + LWD section decreased post
harvest year one and then increased in year post-harvest year two. Percent stream area as pools
increased from 15.9% to 16.4% by the end of the study in the removal + LWD section, however
total pool area was still less than the start of the study (Table 4).
In the 90% removal streams, pool habitat features changed substantially in all three
sections, with variation between post harvest study years. Pool numbers in the removal + LWD
section increased from 25 to 31(24%) one year after the additions, then decreased to 29 (-7%),
two years after the additions. Pool numbers varied substantially in the removal sections,
increasing from 28 to 33 (2007) and decreasing to 27 (2008). Pool numbers decreased in the
reference section from 27 to 24 (2007 and 2008) (Table 4). Analysis of the 90% basal area
removal sections found no significant differences in the number of pools between stream
sections. All new pools in the removal + LWD section were caused by the addition of LWD or
tree tops. New pools created in the removal section were from logging debris being moved into
the stream creating pools.
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Mean pool length varied all sections from 2005 to 2007, with increases in the removal
section (12%), and decreases in the removal + LWD (-6%) and reference sections (-13%). Mean
pool length decreased across all stream sections in 2008 (Table 4). Analysis of the 90% basal
area removal sections found no significant differences in the mean pool length between years for
stream sections. Mean pool area in the removal section increased from 2005 to 2007 (3%), and
then decreased in 2008 (-37%). Mean pool area declined in the other two stream sections in
2007, decreasing from 144.3 m2 to 128.5 m2 in the removal + LWD section and from 129.9 m2 to
103.4 m2 in the reference section (Table 4). Mean pool area decreased in the removal + LWD
section in 2008, decreasing to 88.5 m2, but increased in the reference section from 113.2 m2
(Table 4). Analysis of the 90% basal area removal sections found no significant differences in
the mean pool area between years for stream sections. Total pool area in the removal + LWD
section decreased in both 2007 (-11%) and 2008 (31%). Total pool area was variable for both
post harvest years in the other two stream sections. Total pool area increased in 2007 (3%), then
decreased in 2008 (-37%) in the removal section. Total pool area decreased in 2007 (-20%), then
increased in 2008 (10%) in the reference section (Table 4). Total stream area occupied by pools
in the 50% removal streams decreased most dramatically in the removal + LWD addition and
removal sections. The reference section had the percent pool area decrease post harvest year one
and then increase in post harvest year two.
Individual streams varied in their pool habitat and characteristics with the largest changes
in the 90% removal streams. Rocky Run had the most variation among the 90% removal
streams, with the differences being attributed to blowout or filling in of large pools between
November 2006 and March 2007. In 2007 the removal + LWD section of Rocky Run had 2
more pools than in 2005. However, these were two small pools (2 and 3 m long) with a
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combined pool area of 13 m2. During the same period of time the removal + LWD section had
the two longest (18.5 and 9.5 m) and largest pools (132 m2) decrease in area to 18m2 due to
sedimentation. Similar effects were seen downstream as the two largest pools (12.8 and 13.4 m)
in the removal section were reduced in pool area from 133 m2 to 44 m2. The three other 90%
removal streams each had an increase in total pool area in both the removal + LWD (38 m2) and
removal sections (171 m2). Rocky Run was the only stream in the study to begin carving a new
channel. Sometime after harvest a large flood allowed Rocky Run to run down a nearby old
skidder road for approximately 50 m carving a new channel until it rejoined the mainstem of the
stream. Approximately 1/3 of the stream flowed down this skid road during normal baseflow
conditions.

Temperature changes
Post-harvest stream temperature exhibited a pattern of increased warming as water
moved downstream thru the harvest zones. During the first temperature profile period (18 June
to 27 July 2008), mean maximum daily temperature at the 0 m down station was 3.1oC warmer
than the reference stations in 90% removal streams (Figure 7). Maximum daily temperature
reached a high of 22.7oC on 19 July in the 0 m down station in the 90% removal streams. Mean
daily temperatures also had a similar pattern of increased warming downstream during the first
temperature profile period in 90% removal streams. Mean daily temperature at the 0 m down
station was 1.1oC warmer than the reference station for 90% removal streams during this period
(Figure 8). Mean daily temperature peaked at 19.5oC on 21 July at the 250 m down station for
90% removal streams.
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The 50% removal streams did not exhibit the large increases in stream warming seen in
the 90% removal streams during the first temperature profile. During the first temperature
profile period, mean maximum daily temperature for at the 0m down station was 0.6 oC warmer
than the reference station (Figure 9). Maximum daily temperature reached a high of 19.4oC on
21 July in the 0 m down station in the 50% removal streams. Mean daily temperatures also had
minimal increases in temperature during this profile period. Mean daily temperature at the 0 m
down station was 0.4oC warmer than the reference station in the 50% removal streams during
this period (Figure 10). Mean daily temperature peaked at 18.1 oC on 21 July at the 0 m down
station for 50% removal streams.
During the second temperature profile period (4 August to 13 September 2008), mean
maximum daily temperature at the 0 m down station was 1.9oC warmer than the reference
stations in 90% removal streams (Figure 7). Maximum daily temperature reached a high of
20.2oC on 6 August in the 0 m down station in the 90% removal streams. Mean daily
temperatures also had a similar pattern of increased warming downstream during the second
temperature profile period in 90% removal streams. Mean daily temperature at the 0 m down
station was 1.4oC warmer than the reference station for 90% removal streams during this period
(Figure 8). Mean daily temperature peaked at 19.0oC on 13 September at the 0 m down station
for 90% removal streams.
The 50% removal streams did not exhibit the large increases in stream warming seen in
the 90% removal streams during the second temperature profile. During the second temperature
profile period, mean maximum daily temperature for at the 0 m down station was 0.7oC warmer
than the reference station (Figure 9). Maximum daily temperature reached a high of 18.6oC on 6
August in the 0 m down station in the 50% removal streams. Mean daily temperatures also had
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minimal increases during this profile period. Mean daily temperature at the 0 m down station
was 0.4oC warmer than the reference station in the 50% removal streams during this period
(Figure 10). Mean daily temperature peaked at 17.4oC on 6 August at the 0 m down station for
50% removal streams.
In some 90% removal streams there was temperature recovery as water flowed thru the
buffer zones. Mitchell Lick had lower mean maximum daily temperatures at the 250 m down
station (19.1oC) than in 0 m up (20.3oC) during the first temperature profile period (Figure 11).
No other streams exhibited as strong of a pattern of temperature recovery through the buffer
zones.

TSS and turbidity
Turbidity-TSS curves were separately modeled for 2007 and 2008 due to extreme
differences in the levels of TSS observed (Figure 12). Comparisons of turbidity data from 2007
were variable between sections with no clear trend observed (Figure 13). Turbidity was
opportunistically sampled after rain events on two occasions in 2008 (4 and 5 June) and turbidity
measurements were higher in 90% removal than 50% removal streams. Turbidity measurements
from 50% removal streams were not different in the reference section than harvest sections (p =
0.289, Figure 14). Turbidity measures from the 90% removal streams were lower in reference
areas at elevated turbidity levels (p=0.031). Total sediment loads per day were calculated using
discharge and TSS concentrations for each study stream section on each day and ranged between
2 and 8197 kg/day on the sample days (Figure 15). Sediment load per day was significantly
higher in the down section of Schoolcraft Run on 4 June 2008 (p = 0.003). Sediment load per
day was significantly higher in the reference section of Birch Fork on 4 June 2008 (p = 0.022).
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Sediment load per day was significantly higher in the down section of Birch Fork on 5 June 2008
(p = 0.003). Sediment load per day was significantly higher in the down and up sections of
South Panther Run on 5 June 2008 (Down, p = 0.001: Up, p = 0.001).

Discussion
LWD additions
Removal of riparian vegetation during timber harvest operations and the subsequent
addition of large woody debris to the stream channel resulted in opened canopies over the
streambed, altered habitat structure, and increased water temperatures of the streams in our
study. The addition of large woody debris had varying affects on stream channel morphology in
the eight streams of this study. Stream sections with added LWD created new pools in all of the
streams, but there was no net increase in pool area following habitat manipulation. Channel
structure in these headwater streams was extremely dynamic, with new pools being created by
LWD, and other pools being lost. In addition, many of the pools created by LWD were
temporary, they formed one year post-treatment and disappeared the following year. Sweka and
Hartman (2006) found that pools created one year were often lost by the next year. Hilderbrand
et al. (1997) also noted that in high gradient streams receiving LWD, some of the pools created
by their LWD additions quickly reverted back to riffle habitat. The lack of an effect on stream
channel morphology may in part be due to stream gradient. Similar studies involving LWD
additions to Appalachian streams, have found similar results. Sweka (2003) who studied streams
in the same watershed found that the streams where LWD formed the most pools were the lowest
gradient streams. Hilderbrand et al. (1997) found pool area significantly increased in a low
gradient (1%) stream, but did not change in a high gradient (3-6%) stream. Both Hilderbrand et
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al. (1997) and Sweka and Hartman (2006) concluded that it may take several years for added
LWD to modify stream channel habitat. In other studies, LWD addition to streams increased
pool area (Binns 1994, Riley and Fausch 1995, Cederholm et al. 1997). However, in these
studies the added LWD was imbedded into the stream bank or cabled to the riparian area. While
engineered LWD structures are successful in the modification of stream channel morphology,
these practices are extremely cost and labor intensive techniques that require the use of heavy
equipment, sometimes within the stream channel. The methods used in our habitat manipulation
were quite simple and practical as loggers could employ them while conducting normal
harvesting operations. The inability of LWD additions to increase pool area may be due to the
fact that the added LWD had not been in the streams long enough to become incorporated into
the streambanks, and the majority of trees were felled across the stream channel and are hanging
above the bankfull channel.
The amount of LWD found in the study streams after LWD addition greatly exceeded
that reported in previous studies. We found that in our 250 m sections there was an average of
199 LWD pieces in 50% removal streams and 320 LWD pieces in 90% removal streams. Sweka
(2003) found that LWD ranged from 32 -77 pieces per 300 m sections after experimental LWD
addition. Flebbe and Doloff (1995) found a similar range of LWD pieces in old growth forests in
the Appalachians. Although the LWD additions did not significantly increase the pool area in
these streams, the LWD within the stream probably did serve other functions. The massive
addition of organic debris to the LWD streams had many channel and ecological affects. Larger
pieces of LWD are more likely to become anchored on stream banks or trees along the stream.
The slash protected the channel from solar radiation and also acted as thermal insulation,
mitigating the temperature impact of timber harvest. The hydraulic roughness provided by the
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leaves, twigs, and branches trapped fine sediment in the channels. In some streams, the channel
became indistinct, and the water flowed through a matrix of mixed tree tops, logs, leaves and
organic material. Although the methodology used to add LWD in this study failed to increase
pool area significantly, the LWD within the streams likely functions similarly to such material in
engineered LWD habitats. The full potential of the added LWD to modify the stream channel
morphology may not be realized for many more years.

Temperature effects
Our study demonstrated that harvest of timber in a streamside management zone in the
central Appalachian Mountains resulted in post-harvest increases in stream temperature. Streams
in the 90% removal treatment had large increases in temperature (3.1°C mean max daily) while
50% removal treatment streams had small increases in temperature (0.6°C). It appears from the
small observed increases in temperature within 50% removal treatments that the current BMP
guidelines that restrict harvest to 50% basal area within SMZ’s is protective of coldwater
streams. Increased removal of timber from SMZ’s above the 50% threshold may result in
increased stream temperatures creating marginal habitat for brook trout even if SMZ harvest is
limited to less than 500 m of stream length. Post-harvest changes in stream temperatures and
diurnal temperature fluctuations have been attributed mostly to increased levels of solar radiation
reaching the stream channel (Brown and Krygier 1970). The extent of the increase in stream
temperature following a harvest has been shown to be significantly correlated with the amount of
timber retained in the riparian buffer (Brown and Krygier 1970, Caldwell et al. 1991, Macdonald
et al. 2003). The 90% removal treatment had the greatest reduction in mean canopy closure from
reference sites (58%), and the greatest increases in mean daily maximum temperatures,
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temperature change within the harvest zone, and diurnal fluctuation following the timber harvest.
In the 50% removal treatment, mean canopy closure decreased by an average of 14% in the
removal sites as a result of the harvest. Increases in temperature were smaller than in the 90%
removal treatment. Previous studies on unbuffered mountain streams showed average
temperature increases of 3.2-5.0°C (Brown and Krygier 1967, Burton and Likens 1973,
Kochenderfer et al. 1997) as well as increases in diurnal fluctuation between 1.7-4.2°C (Brown
and Krygier 1970) and 6.1-7.5°C (Brown and Krygier 1967) above controls or preharvest
conditions. Other researchers reported 1.4-4.4°C increases in mean weekly maximum
temperatures and 2.3°C increases in diurnal fluctuation (Wilkerson et al. 2006).
Solar radiation is the most important factor influencing temperature regime in most small
streams, though other factors can also contribute (Ward 1985). Other factors that could influence
the magnitude of temperature response include groundwater inflow, hyporheic exchange and bed
heat conduction, which tend to counteract solar heating during the daytime (Mellina et al. 2002,
Story et al. 2003, Johnson 2004, Hannah et al. 2004). Groundwater inputs can strongly influence
stream temperature (Sullivan et al. 1990, Caldwell et al. 1991), and groundwater inflow can
mitigate effects of riparian tree removal by slowing temperature increases (Poole and Berman
2001) and by aiding in stream temperature recovery (Ice 2001). In small streams, post-harvest
wood covering the channel can mitigate the effects of riparian vegetation removal on water
temperatures by providing shade (Collier et al 1997). We suspect that the addition of large
woody debris and tree tops along with groundwater inflow played a significant role in mitigating
the effect of riparian tree removal in our study. Under current BMPs, large woody debris and
tree tops must be extracted from the stream channel as LWD may cause bank erosion and
channel blockage (West Virginia Division of Forestry 2005). Although not directly quantified,
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the addition of LWD and tree tops to our streams added much needed shade, especially in 90%
removal sites. This added LWD may have tempered the effects of increased summer stream
temperatures in the 90% removal streams, and should be considered as a management technique
in coldwater streams that have large canopy openings.
Aquatic organisms are quite sensitive to changes in stream temperatures (Beitinger and
Fitzpatrick 1979, Vannote and Sweeney 1980, Ward and Stanford 1992); increases in maximum
stream temperature can be lethal, but increases of sublethal temperature result in changes in
metabolism and growth rates (Medvick 1979, Thomas et al. 1986) as well as changes in food
web dynamics and competitive interactions (Brett 1952, Reeves et al. 1987). Higher
temperatures require more energy from biota to sustain increased metabolic rates and processes
and can deplete the energy reserves of individual fish (Thomas et al. 1986). Increased
temperature can also lead to greater virulence of bacterial diseases (Becker and Fugihara 1978) at
a time when individuals are being subjected to thermal stress and have reduced resistance
(Thomas et al. 1986). Upper thermal limits for organisms vary by species and life stage of the
organism (Brett 1952, Coutant 1977), with the young generally being most sensitive to increases
in the temperature of their environment. Elevation of water temperature and extreme diurnal
fluctuation of temperature is a concern in brook trout streams because there is a particular
temperature range in which body size, fecundity, and survival are optimized (Vannote and
Sweeney 1980). Increased water temperature can result in physiological stress and potential
death in brook trout (Grande and Anderson 1991). Documented lethal water temperature limits
for brook trout range from 24.4°C (Brett 1956) to 26.2-27.2°C (Grande and Anderson 1991).
The United States Environmental Protection Agency recommends that mean weekly maximum
water temperatures do not exceed 24°C for even one week in streams with populations of brook
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trout (EPA 1986). In our study, mean daily temperature only exceeded 20°C on one stream
(Mitchell Lick) for a two day period. However Mitchell Lick did have maximum daily
temperature exceed 24°C for several days, which may have resulted in movement of fish or
physiological stress. It is possible that the great daily fluctuations in stream temperatures in the
removal sections may lead to changes in the structure of the aquatic community.

Downstream temperature recovery
Streams that are warmed in clearings sometimes cool as they flow back under intact
forest canopy during the daytime (Greene 1950, Levno and Rothacher 1967, McGurk 1989,
Keith et al. 1998). Such cooling would minimize the stream length impacted by warming and
decrease the potential impacts of clear-cutting around headwater streams on downstream, fishbearing reaches. Within the 100 m buffer zone we observed decreases in stream temperature. In
Mitchell Lick (90% removal), stream temperatures difference between the start (0m up) and end
(250 m down) of the buffer had mean daily temperatures that were 0.2-0.3°C cooler and
maximum daily temperatures that were 0.6-2.8°C cooler. Previous studies of temperature
recovery downstream of timber harvest reported large decreases in a relatively short downstream
distance. Previous researchers have reported recovery after streams re-entered intact forest
canopy of 1.2°C (McGurk 1989), and 1.5°C within 130 m (Caldwell et al. 1991), to as much as
5.5°C in 60 m (Keith et al. 1998). This common observation of relatively rapid reduction in
temperature occurs because the intact forest canopy below the harvest zone shields the stream
bed from direct solar radiation (Brown and Krygier 1970), while groundwater inflow and
hyporheic exchange may further mitigate temperature increases produced in the harvest zone
(Sullivan et al. 1990, Caldwell et al. 1991, Johnson and Jones 2000). Temperature recovery
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downstream of a harvest zone is important because a rapid decrease in temperature over a short
distance can effectively limit the spatial impact of the harvest.

Temporal temperature recovery
Temperature recovery over time may also be important from a forest management
perspective. Johnson and Jones (2000) found stream temperatures returned to pre-harvest levels
in a clear-cut approximately 15 years after clear-cutting, which coincided with canopy closure in
the riparian zone. Shade from the regenerating shrub layer may function as effectively as mature
canopy at shading the stream from solar radiation (Johnson and Jones 2000). Low vegetation
(shrubs and saplings) and instream woody debris and slash can partially shade the stream from
solar radiation and mitigate temperature changes associated with harvesting (Feller 1981, Rishel
et al. 1982, Caldwell et al. 1991, Jackson et al. 2001). Although some studies have observed a
trend of decreasing maxima with each year post-harvest (Moring 1975, Swift and Messer 1971),
others (Beschta and Taylor 1988) suggest that limited riparian vegetation re-growth during the
first 5 years postharvest would not affect high maximum stream temperatures, but that during the
next 15 years, the recovery of riparian vegetation would lead to a linear decrease in stream
temperatures. It is suggested that future research studies measure shrub/tree height and stream
temperatures in our streams each summer post harvest to describe temperature recovery
following timber harvest.

TSS and turbidity
Turbidity levels were significantly higher in the 90% removal sections than in 90%
reference sections when turbidity levels were elevated, potentially indicating greater soil
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disturbances in these sections. However, during normal flow events we found no difference
between removal sections and reference sections in either 50% or 90% removal streams.
Turbidity measurements from 50% removal streams were not different in the reference section
than harvest sections, indicating that the 50% removal streams still retained some capability to
retain overland runoff of sediment during high flows. Total daily loads were considerably higher
in some removal sections during the study, indicating increased erosion and sediment input due
to disturbance. Thus, it appears that increasing harvest within the SMZ may result in increased
turbidity during high flow events. Brown and Krygier (1971) also reported an increase in
suspended solids after logging in Oregon streams. Martin et al. (2000) studied timber harvests
and reference lands in New Hampshire and found increased amounts of sediment load on
harvested lands when compared with uncut reference lands. However, these studies were setup
differently than our study, as our study sections were located on the same stream and not paired
watersheds. In addition, we did not have a large number of turbidity samples within this portion
of the study, and the results may not be indicative of the system.
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Table 1. Summary descriptive stream statistics of the eight study streams in the Middle Fork
River watershed, Randolph County, West Virginia (March 2005 – December 2008).

Stream
Birch Fork
Kittle Creek
Mitchell Lick
Mulberry Fork
North Panther Run
Rocky Run
Schoolcraft Run
South Panther Run

Stream
Order
2
2
1
1
1
2
2
1

Mean wetted
width (m)
3.22
2.42
2.01
1.95
2.57
3.28
2.97
2.54

Mean Gradient
(%)
2.92
2.99
3.98
4.95
3.90
3.77
2.89
2.66

Mean Elevation
(m)
847
780
810
701
749
890
737
804
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Table 2. Pre-treatment (2005) habitat measurements of study streams.

Location

Number
of pools

Total Pool
length (m)

Total Pool
area (m2)

% pool
area

Down
Up
Reference

8
5
4

50.8
64.8
45.4

169.6
267.3
138.0

22.643
28.599
22.922

Kittle Creek

Down
Up
Reference

7
5
5

35.5
16.8
28.3

91.7
46.2
57.1

16.447
9.093
10.497

Mulberry Fork

Down
Up
Reference

12
11
12

48.1
36.9
28.8

125.4
118.2
96.2

20.542
28.699
19.080

North Panther Run

Down
Up
Reference

1
6
5

4.0
32.9
13.9

10.1
120.6
22.9

1.318
21.868
4.756

Down
Up
Reference

6
7
8

24.6
32.7
23.0

46.5
67.4
49.9

15.497
23.153
15.221

Rocky Run

Down
Up
Reference

6
6
8

52.9
47.5
68.4

251.6
196.2
245.2

25.544
17.259
23.928

Schoolcraft Run

Down
Up
Reference

5
5
6

58.1
57.0
49.0

203.8
198.2
151.7

24.244
30.456
24.085

South Panther Run

Down
Up
reference

8
10
5

50
58.7
30.7

136.4
147.0
72.9

26.612
34.867
15.567

Stream
50% removal streams
Birch Fork

90% removal streams
Mitchell Lick
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Table 3. Average (minimum, maximum) canopy closure for post harvest for each of the eight
study streams.

Section

% Canopy Closure
Mean (min, max)

P

Removal
Removal + LWD
Reference

86.9 (67.8, 96.2)
79.4 (66.6, 87.4) *
96.8 (95.6, 98.0)

0.0725
0.0124
-

Kittle Creek

Removal
Removal + LWD
Reference

74.9 (58.8, 96.4)*
79.9 (66.6, 93.0)*
97.3 (94.8, 99.2)

0.0265
0.0119
-

Mulberry Fork

Removal
Removal + LWD
Reference

93.5 (84.0, 97.8)
87.6, (82.2, 96.0)*
97.0 (94.6, 99.0)

0.0950
0.0218
-

North Panther Run

Removal
Removal + LWD
Reference

78.3 (66.0, 97.0)*
93.3 (86.2, 97.2)
97.4 (93.4, 99.8)

0.0167
0.1173
-

Removal
Removal + LWD
Reference

18. 1 (7.6, 35.0)*
20.2 (0.4, 43.6)*
96.8 (95.6, 97.8)

<0.0001
0.0005
-

Rocky Run

Removal
Removal + LWD
Reference

33.5 (15.2, 66.8)*
20.0 (3.0, 33.0)*
94.7 (92.4, 97.4)

0.0019
<0.0001
-

Schoolcraft Run

Removal
Removal + LWD
Reference

50.1 (13.4, 81.0)*
45.0 (11.6, 74.4)*
95.3 (91.6, 98.6)

0.0109
0.0097
-

South Panther Run

Removal
Removal + LWD
Reference

57.8 (13.0, 92.8)*
67.6 (22.0, 94.8)
96.1 (92.6, 99.8)

0.0189
0.0574
-

Stream
50% removal streams
Birch Fork

90% removal streams
Mitchell Lick

Treatment means with an asterisk (*) are significantly different from the reference site.
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Table 4. Pool characteristics in the removal, removal plus large woody debris, and reference
sections before (2005) and after (2007, 2008) harvest.

2005
50% removal streams
Number of pools
Mean pool length
Mean pool area
Total pool area
% pool area of stream
% Change in total pool area
90% removal streams
Number of pools
Mean pool length
Mean pool area
Total pool area
% pool area of stream
% Change in total pool area

Removal
2007 2008

Removal + LWD
2005 2007 2008

2005

Reference
2007 2008

32
39.0
125.0
500.0
22.0

23
33.4
101.6
406.4
17.2
-19

22
24.5
86.9
347.6
14.7
-14

23
33.4
112.3
449.1
15.9

21
24.4
81.1
324.4
13.8
-28

29
32.5
100.5
402.1
16.4
24

26
29.1
78.5
314.2
14.7

20
24.3
67.0
268.0
13.1
-15

19
20.5
65.1
260.5
11.9
-3

28
50.6
167.5
669.8
26.4

33
56.8
173.1
692.5
23.4
3

27
36.3
109.8
439.3
19.3
-36

25
44.8
144.3
577.4
22.2

31
41.9
128.5
513.9
18.8
-11

29
28.0
88.5
353.9
16.4
-31

27
42.8
129.9
519.7
21.2

24
37.4
103.4
413.4
15.3
-20

24
35.3
113.2
452.9
18.5
9
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Figure 1. Middle Fork River Watershed, Randolph County, West Virginia.
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Figure 2. Schematic diagram of the stream sections in eight tributaries of the Middle Fork
River, West Virginia. The removal and removal plus Large Woody Debris (LWD) sections were
randomly placed in either the down or up treatment locations. * Note exaggerated lateral scale.

68

Figure 3. Percent canopy closure post harvest (2007) for 50% removal streams. Error bars
represent standard errors.
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Figure 4. Percent canopy closure post harvest (2007) for 90% removal streams. Error bars
represent standard errors.
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Figure 5. Mean number of pieces of LWD in 50% and 90% removal treatments in study streams.

71

Figure 6. Mean volume of LWD in 50% and 90% removal treatments in study streams.
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Figure 7. Maximum daily temperatures (Celsius) for the low, up, and reference sections of 50%
removal streams in 2008.
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Figure 8. Mean daily temperatures (Celsius) for the low, up, and reference sections of 50%
removal streams in 2008.
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Figure 9. Maximum daily temperatures (Celsius) for the low, up and reference sections of 90%
removal streams in 2008.
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Figure 10. Mean daily temperatures (Celsius) for the low, up and reference sections of 90%
removal streams in 2008.
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Figure 11. Maximum and mean daily temperatures (Celsius) for the low (removal plus Large
Woody Debris) and up (removal), and reference sections of Mitchell Lick in 2008.
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Figure 12. Turbidity-TSS curves from the 50% and 90% removal treatment sections in 2007 and
2008. Note differences of scale between 2007 and 2008.
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50% Removal Streams

90% Removal Streams

Figure 13. Turbidity (NTU) measured in stream sections during 2007 opportunistic sampling.

79
50% Removal Streams

90% Removal Streams

Figure 14. Turbidity (NTU) measured in stream sections during 2008 opportunistic sampling.
Note differences of scale between 50% and 90% streams.
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50% Removal Streams

90% Removal Streams

Figure 15. Total sediment load (kg/ day) measured in stream sections during 2008 opportunistic
sampling. Note differences of scale.
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Chapter 3. The Role of Riparian Removal and Large Woody Debris Additions in Structuring
Brook Trout Populations in Central Appalachian Streams

Abstract
Riparian zones play an important role in the physical, chemical, and biological
dimensions of headwater stream ecosystems. Conventional stream theory predicts that terrestrial
subsidies dominate the energy base of food webs in headwater streams where primary production
is limited by shading. Large woody debris (LWD) is also an important habitat component in
small headwater streams and many studies have shown positive correlations between the
abundance of LWD and stream fish density. Riparian logging alters the processes and features
that shape stream ecosystems and can determine population density, condition, size, and
community structure of salmonids. To understand how logging of streamside management zones
(SMZ) affects populations of Appalachian brook trout (Salvelinus fontinalis), we examined trout
density, length, and body condition (relative weight), seasonally in eight headwater streams over
a 3-year period (1 year pre-logging [2005] and 2 years post-logging [2007-2008]). This study is
one of the first efforts to conduct a multiyear, replicated, before-after experiment to assess the
effects of riparian tree removal and removal plus LWD addition on brook trout. Three 250 m
study sections were established on eight Appalachian headwater streams. Four of the streams
were assigned treatment of a 50% basal area removal of SMZ timber and four were assigned a
90% basal area removal of SMZ timber. The down and up sections of each stream were then
randomly assigned to be either basal area removal (removal) treatment or basal area removal plus
instream LWD addition (removal + LWD) treatment, with reference sections located upstream of
the treatment sections. Seasonal population estimates of brook trout were conducted in 2005
(pre-treatment) 2007 and 2008 (post-treatment). There was no significant removal x time effect
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for YOY or age 1+ brook trout density in either the 50 or 90% streams. YOY brook trout
density was significantly higher in removal + LWD sections for both 50% and 90% streams
during June 2007. Age 1+ brook trout density in reference sections was not significantly
different than removal and removal + LWD sections for 50% and 90% streams during any post
harvest sample. Mean total length of YOY brook trout did vary across some streams and
sections but was not significant among treatments. Mean total length of age 1+ brook trout was
higher in removal and removal + LWD sections of 50% streams during November 2007 (p =
0.024). The condition (Wr) of age 1+ brook trout (> 120 mm) did not differ between treatment
(removal and removal+ LWD) and reference sections in 50% or 90% streams. Overall percent
retention of resident fish differed significantly between sections (p = 0.030). Percent retention
was greatest in reference sections of 50% streams and lowest in the removal + LWD sections of
90% streams. Percent immigration was high in all sections (60-71%) suggesting high rates of
movement. While LWD additions within the stream did not increase brook trout densities, they
may have supplied other benefits to the stream by increasing retention of organic matter,
potentially increasing macroinvertebrate production, and creating overhead cover and refugia.
These potential benefits associated with LWD addition could increase brook trout abundance
through the retention of resident fish and attraction of immigrant fish. However, it may take
several years before the full effects of riparian tree removal and removal plus LWD additions is
seen on stream habitat and brook trout populations.
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Introduction
Riparian zones are among the most diverse and functionally important ecotones on earth
(Naiman et al. 1998). Riparian-zone vegetation plays an important role in the biotic associations
of streams (Cummins et al. 1984). Riparian vegetation influences the physical channel (e.g.,
large woody debris, bank stabilization, shading, etc.) and allochthonous and autochthonous
sources of organic inputs to the streams (Cummins et al. 1984, Hetrick et al. 1998). Riparian
vegetation modifies light and temperature regimes, provides food for aquatic and terrestrial
consumers and is the source of woody debris to streams (Pollock 1998).
The removal of riparian trees along streams or lakes can affect aquatic ecosystem
structure and function (Platts and Megahan 1975, Vouri and Joensuu 1996). Removal of the
riparian overstory vegetation changes the trophic status of a stream from primarily allochthonous
energy sources to primarily autochthonous energy sources (Cummins 1974, Minshall 1978).
With removal of the canopy, light and water temperature usually increase and the input of
nutrients may change (Cummins 1974). A large body of previous research from New England
and the Pacific Northwest has provided general agreement on the physical effects resulting from
logging practices (Garman and Moring 1991, Waters 1995, Hartman et al.1996), all of which are
generally applicable to Appalachian streams. Many investigators have studied the effects of
clear-cut logging on stream morphology (Toews and Moore 1982a), large and small organic
debris (Toews and Moore 1982a, 1982b), macroinvertebrate communities (Newbold et al. 1980,
Murphy and Hall 1981, Hawkins et al. 1983, Duncan and Brusven 1990), and fish communities
(Sheridan and McNeil 1968, Burns 1972, Murphy and Hall 1981, Murphy et al. 1981, Hawkins
et al. 1983, Heifetz et al. 1986, Johnson et al. 1986). Riparian forest harvest can increase
sediment delivery to streams (Chamberlin et al. 1991), covering stream substrates (Davies and

84
Nelson 1994) and negatively affecting some stream organisms (Osmundson et al. 2002). In
small, headwater streams, one of the major microclimatic changes resulting from riparian
logging is an increase in solar energy reaching the stream surface (Brosofske et al. 1997).
Increased solar energy can affect a host of factors such as water temperature (Beschta 1997),
primary production (Hill et al. 1995) and insect abundance (Fuller et al. 1986). Logging may
strongly influence the distribution and abundance of stream macroinvertebrates, critical links in
headwater stream food webs (Stone and Wallace 1998, Williams et al. 2002). Increased
sedimentation and embeddedness has been shown to decrease overall invertebrate abundance and
diversity in some studies (Murphy et al. 1981, Harding et al., 1998), while in others, increased
light penetration and nutrient availability have yielded higher standing stocks of invertebrate
biomass in logged catchments (Gurtz and Wallace 1984, Anderson, 1992, Kiffney et al. 2003).
Riparian logging can alter the biological, chemical, and physical processes and features
that shape stream ecosystems and determine population density and community structure of
salmonids (Gregory et al. 1987, Reeves et al. 1993). Several researchers reported increases in
the abundance of juvenile salmonids after clear-cut logging watersheds to the streambank
(Johnson et al. 1986, Murphy et al. 1986, Thedinga et al. 1989); they attributed increases in
abundance of fish to increases in abundance of prey that resulted from increased primary
production. Dolloff (1986) and Elliott (1986) evaluated the effects of stream cleaning after
clear-cut logging on fish communities in small streams in southeast Alaska, and found that fewer
juvenile salmonids were present in sections of streams that had woody debris removed than in
streams with woody debris intact. Murphy and Hall (1981) found increased biomass, density,
and species richness of aquatic vertebrate and invertebrate predators in streams flowing through
clear-cuts still exposed to sunlight when compared with similar old-growth stands; increases
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were greatest in small first-order streams. They also found that initial increases in production did
not last as clear-cuts became reforested with second-growth red alder (Alnus rubra). In older
clear-cut stream sections that had become shaded by deciduous forest canopy, biomass of
salmonids and macroinvertebrate taxa was lower than in old-growth streams (Murphy and Hall
1981).
The loss of large organic debris that enters streams is an additional effect of removing
trees from riparian zones. The input of coarse (large branches, trees, etc.) and fine (small
branches, leaves, needles, bark) woody debris is a natural process in forest ecosystems and plays
an important role in providing fish habitat. The extraction of timber may reduce the amount of
material potentially available for aquatic structure. Habitat for fish and aquatic organisms is
created by woody debris altering channel morphology and through the dissipation of stream
energy (Keller and Swanson 1979, Montgomery et al. 1995). Instream woody debris also plays
critical roles in creating cover for fish (Tschaplinski and Hartman 1983), providing long-term
food for aquatic organisms (Dudley and Anderson 1982), retaining transported sediment and
organic matter (Bilby and Ward 1989), cycling of nutrients (Bilby and Likens1980) and
providing substrate for aquatic invertebrates (Anderson et al 1984, Sedell et al. 1988). Woody
debris also provides stable substrates for aquatic organisms such as bacteria (Triska et al. 1984),
fungi (Shearer 1972), and invertebrates (Anderson et al. 1978, Benke et al. 1984), all of which
decompose wood and represent major components of trophic webs in stream ecosystems.
Because all of these functions of woody debris influence the quality of food and habitat
resources available to fish, changes in the abundance of woody debris in streams can be expected
to induce changes in fish communities. Bisson and Sedell (1984) documented increases in riffle
habitat, reductions in pool habitat, and declines in numbers of juvenile coho salmon
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(Oncorhynchus kisutch) in streams with smaller amounts of large woody debris (LWD).
Juvenile salmonids may also use the structural cover provided by LWD during certain times of
the year (Bustard and Narver 1975a, 1975b, Tschaplinski and Hartman 1983, Heifetz et al. 1986,
Swales et al. 1986). Habitat improvement procedures for salmonids often include installation of
logs, tree branches, deflector structures, and small dams, which mimic effects of naturally
occurring woody debris. Such manipulations can result in increased growth (Tarzwell 1938),
survival (Gard 1961, Hunt 1971), and abundance (Boussu 1954, Saunders and Smith 1962,
Burgess and Bider 1980) of fish. Adding artificial devices to a stream can increase carrying
capacity for trout by providing better habitat (Saunders and Smith 1962, Hunt 1976, Hunt 1988)
and thus is a popular technique in North America (Duff and Banks 1988).
The Appalachian region of the United States has a complex land use history involving
multiple anthropogenic stresses to stream ecosystems. Chief among these is intensive timber
harvest, both historical (Foster 1992) and present-day (Miller et al. 1998). The forests of West
Virginia underwent widespread clear-cuts in the early 20th century, and are now facing another
wave of timber harvest as the forests once again reach maturity. Due to the prevalence of
headwater streams, it is their riparian forests that are most likely to be harvested. Small,
headwater (first- and second-order channels) (Strahler 1957) streams can account for 70–80% of
a total watershed area (Leopold et al. 1964, Gomi et al. 2002) and they supply water, organic
matter, sediment and nutrients to downstream fish-bearing channels (Kiffney et al. 2000, Wipfli
and Gregovich 2002, Volk et al. 2003). A management practice designed to minimize the
impacts of forest harvest on aquatic systems, especially for resources such as water quality and
fish habitat, entails leaving a strip of trees (riparian zone buffers) adjacent to the water body.
Best management practices (BMP’s) and streamside management zones (SMZ’s) have been
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developed to minimize the impacts of riparian timber harvest. Within the U.S.A., actual
guidelines and requirements vary by region and state (Lee et al. 2004). However, a common
component of these guidelines is the establishment of a riparian buffer within which disturbance
is limited. West Virginia BMP’s require a SMZ that is at least 30 m wide (for perennial and
intermittent streams) and is road-free (West Virginia Division of Forestry 2005). Trees can be
harvested from the SMZ but the operation of large equipment in this area should be avoided.
Within West Virginia, best management practices limit harvest of SMZ timber to 50% of the
basal area, although some timber companies employ stricter standards. West Virginia BMP’s
recognize that large woody debris in stream channels can be beneficial to aquatic life (West
Virginia Division of Forestry 2005). However, in spite of this recognition, West Virginia BMP’s
also state that felled tree tops must be pulled from the stream channel on all perennial and
intermittent streams, due to small logging debris possibly causing bank erosion and channel
blockage (West Virginia Division of Forestry 2005). Following logging, proper reclamation
techniques are to be applied, including seeding and mulching exposed soil. In a review of West
Virginia’s BMP’s Kochenderfer et al. (1997) found that BMP’s effectively protect streams.
Brook trout (Salvelinus fontinalis) are the only salmonid native to the Appalachians and
are thought to have experienced substantial declines over the past century. They continue to be
an important recreational resource and are an excellent biotic synthesizer of aquatic integrity for
forested watersheds. Management of forested watersheds to maintain and even enhance water
quality and this particular species are critical to sustainable forest management in this region.
This project investigated the ecological effects of riparian harvest at moderate and high
intensities, and the addition of LWD into streams on brook trout densities, growth, and size. The
results of this study will help in the development of science-based recommendations for forest
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management and Best Management Practices that can be economically attractive to forest
landowners. To date, studies of this nature have been conducted only once in the East, and never
in the Appalachians.

Methods
Study site description
This study was conducted in eight tributaries of the Middle Fork River, Randolph
County, West Virginia. The watershed is located in the Allegheny Plateau physiographic
province. The study streams were Birch Fork (BF), Kittle Creek (KC), Mitchell Lick (ML),
Rocky Run (RR), Schoolcraft Run (SCR), Mulberry Fork (MF), South Fork Panther Run (SPR)
and North Fork Panther Run (NPR) (Figure 1). All streams were small, of low order, and
relatively high gradient (Table 1). Stream elevations ranged from 685 to 929 m. The pretreatment percent canopy cover of these streams averaged 80 -90%, and stream temperatures
remained adequate for brook trout for the majority of the year with temperatures rarely
exceeding 20°C. The surrounding watersheds of all streams were actively managed for fiber
production by the MeadWestvaco Corporation (property was sold to Penn Virginia Corporation
in fall 2007), and timber harvest activities occurred in all watersheds throughout the study. The
age of the surrounding forest ranged from 65 to 85 years and was dominated by yellow birch
(Betula alleghaniensis), yellow poplar (Liriodendron tulipifera), black birch (Betula lenta), and
sugar maple (Acer saccharum). All riparian areas were logged in the past with the greatest
logging activity occurring in the early 1900’s and sporadically since the 1930’s. Timber harvest
was restricted to 50% of the basal area of trees within SMZs. The width of the SMZs ranged
from 15 to 50 m depending on slope with further guidelines that prohibited the operation of
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heavy machinery, and construction of logging roads. Instream crossings are permitted so long as
the associated road enters and exits the SMZ in the shortest possible distance and a temporary
culvert and sediment control devices are established (West Virginia Division of Forestry, 2005).
Although limited harvest is permitted in SMZs, no such activity occurred along any of the
streams during the course of the study except where designated. Evidence of prior timber
harvest (all > 10 years before start of study) was apparent along all the steams with the presence
of abandoned logging roads and railroad grades, stream crossings, and eroded stream banks in
some areas.
All streams have had limestone sand added annually by the West Virginia Department of
Natural Resources and the West Virginia Department of Environmental Protection since the mid
1990’s. The underlying Pottsville geology has a very low buffering capacity; therefore limestone
sand is added to mitigate the effects of acid precipitation and acid mine drainage to improve
water quality in the mainstem of the Middle Fork River. Limestone is added by depositing a pile
of sand on the streambank which is then swept into the stream under high flow events. This
method of water quality enhancement has been successful in elevating stream pH, increasing
macroinvertebrate abundance, and restoring fish communities in West Virginia streams (Clayton
and Menendez 1998, Clayton et al. 1998, McClurg et al. 2007).
Typical of Appalachian headwater streams, fish species diversity was low in all of the
streams in this study. Brook trout was the dominant species. Other species found included
mottled sculpin (Cottus bairdi) and blacknose dace (Rhinichthys atratulus).
The study began in January 2005, as eight candidate streams were chosen from eighteen
streams within the Middle Fork River watershed in consultation with the MeadWestvaco
regional timberlands manager (Aaron Plaugher) and MeadWestvaco Wildlife Ecosystem
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Research Forest manager (Dr. Patrick Keyser). Treatment streams were ultimately chosen based
on a variety of criteria including: geology, presence of instream liming, stream order, total
stream length, slope, recent timber harvest activities, presence of brook trout, and access. During
the summer of 2005 pre-harvest instream habitat measurements were taken. In July 2006
commercial timber harvests commenced in the SMZs of the 8 streams. Timber harvest was
finished at 7 of the streams by November 2006. Harvest on one stream (Kittle Creek) was not
completed until March 2007.

Experimental design
Three-250 m study reaches (designated down, up, and reference reaches according to
their relative position along the stream gradient) were established on each of the 8 streams and
these reaches were separated by 100 m buffers (Figure 2).

Each stream was then randomly

assigned treatment to a 50% or a 90% removal (basal area), which remained undisturbed
throughout the study (Table 2). The down and up sections were then randomly assigned to be
either basal area removal (removal) treatment or basal area removal plus instream LWD addition
(removal + LWD) treatment. Reference sites were always located upstream of the treatment
sections, to eliminate potential impacts of the treatments. There was not a “true” control stream
without any habitat manipulation, because stream to stream differences in habitat and brook trout
abundance were greater than those within streams.

Habitat assessment
Stream fish abundance has been shown to be related to physical habitat (Neumann and
Wildman 2002, Warren and Kraft 2003) as well as water quality (Gagen et al. 1994, Nilslow and
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Lower 2003) and as such, we sought to quantify these variables in our study. Habitat was
surveyed during baseflow conditions according to a modified basinwide visual estimation
technique BVET (Hankin and Reeves 1988, Dolloff et al. 1993, Simonson et al. 1994, Herger et
al. 1996, Dolloff et al. 1997). Pre-harvest habitat data was assessed during baseflow conditions
between 15 July and 30 July 2005. Post-harvest habitat data was assessed two times during
baseflow conditions between 15 July and 2 August 2007, and again between 5 September and 15
2008. Individual habitat units were classified as pools, riffles, runs, or cascades according to
criteria outlined in Arend (1999). Pools were considered areas of relatively low current velocity,
greater depth, and laminar flow. Riffles were considered areas of lesser depth, greater current
velocity, and broken water surfaces. Runs were considered areas where depth was shallower
than pools; current velocity was greater than pools, but still maintained laminar flow and
unbroken water surfaces. Cascades were considered areas with steep slope (> 7%), high current
velocity, and a stepped longitudinal profile, or areas that were a series of falls. If the habitat unit
was a pool, the pool-forming mechanism was noted as boulder scour, LWD scour, bank scour, or
freeform (Rosenfeld et al. 2000). Physical features measured in each habitat unit included
length, wetted width, and water depths. The length of each habitat unit was measured along the
thalweg (stream center) to the nearest 0.1 m. Wetted and bankfull widths were visually estimated
at transects established at 25%, 50%, and 75% of the thalweg length. Depth was measured at
three points along each transect to the nearest cm. At every fifth habitat unit, the wetted and
bankfull widths were both estimated and verified by measuring to the nearest 0.1 m. The area of
each habitat unit was estimated by multiplying the mean estimated wetted and/or bankfull width
by its length. Estimated areas were then corrected by regression of verified area on estimated
area and predicted values of the regression equation were used as the area of the habitat unit.
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Habitat unit areas were then summed by unit type to obtain an estimate of the total area of each
unit type within each stream.
Several other habitat features were also inventoried within each basin. Percent canopy
closure (Mills and Stevenson 1999) was estimated along the stream thalweg. In 2007, using
benchmarks at the downstream reach of the study streams, canopy closure was estimated in each
section with a digital camera (for records and count) approximately every 50 m along the stream
thalweg. At each point a picture (25 x 20 cm) of the overhead canopy was taken with a digital
camera (Model: Hewlett Packard, HP photosmart 850, t 7.6- 61mm), with the camera fixed at a
point 1m off the ground. A 500 count grid (1 x 1 cm) was then overlaid on the digital photo and
percent of closed canopy cover was counted. An individual grid that had greater than 50%
coverage of trees or leaves was considered a closed canopy grid. An individual grid that had less
than 50% coverage of trees or leaves was considered an open canopy grid.
Large woody debris was considered any piece of wood with at least a portion within the
bank full channel that could be wet under bank full flows, had a minimum mean diameter of 10
cm, and a minimum total length of 1.0 m (Overton et al. 1997). All LWD was inventoried based
on estimated diameter and length classes. The minimum size was defined as 10 cm diameter and
1 m length, to account for all woody debris which may be large enough to serve as structure in
defining small stream morphology (Richmond and Fausch 1995).

Riparian tree removal and LWD additions
Riparian tree removal and large woody debris additions began in July 2006 by 3 separate
crews of loggers. Each logging crew was instructed to harvest trees within the SMZ as they
normally would at any other site while abiding by West Virginia forestry BMPs. All trees felled
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within the removal only section were removed from the stream channel after harvesting. In the
large woody debris addition section each logging crew was instructed to target 40 trees for
felling in each reach. The trees selected for felling were spaced approximately every 15 m of
stream Loggers felled one tree on each side of the stream with the hope that the two trees would
anchor themselves to one another and create debris dams. Felled trees were selected based on
size (> 10 cm dbh), and ultimately by the ease with which the loggers could fell the tree into the
stream channel. In the removal plus large woody debris addition section, tree tops and branches
that fell into the streams during harvest were left in place, so that they could create debris dams.
Unlike previous studies, felled trees were not bucked so that the tree came in contact with the
stream bed (Sweka 2003). The purpose of this study was to determine if normal timber
harvesting techniques were able to increase instream habitat and productivity, as such we did not
want extra time and effort spent by logging crews bucking logs as they normally would not do so
during the course of typical riparian tree harvest.

Brook trout population estimates
Seasonal (March, June, August, November) population estimates of brook trout were
based on sampling conducted in each reach of each stream in 2005 (pre-treatment), 2007 and
2008 (post-treatment). The entire 250 m stream reach of each section was sampled during each
season. Block nets were placed at the upstream and downstream ends to meet the assumption of
a closed population. Brook trout were captured using a pulsed DC backpack electrofishing unit
and a two pass removal technique. Care was taken to ensure that all available habitats were
electrofished on each pass. Brook trout from each pass were anesthetized in a 120 mg·L -1
solution of clove oil (Anderson et al. 1997), individually weighed to the nearest 0.5 g, measured
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to the nearest mm total length, and released back into the area of capture following completion of
the second electrofishing pass. Brook trout were separated into young-of-the-year and age 1+
age classes according to length frequency distributions.
Population estimates of trout were calculated using the Zippin method in order to
determine population change, and estimate trout density (Zippin 1958). If fewer than 30 fish
were captured, then the actual number of fish caught was substituted as an estimate (Riley and
Fausch 1992). Fish density (fish/m2) for each stream was then calculated as the mean population
estimate divided by the mean wetted area (m2) of the three sampling sections at base flow.

Statistical Analysis
Brook trout populations
Analysis of the effect of riparian tree removal and removal plus LWD additions on brook
trout density was conducted in two steps. First, differences in age 1+ brook trout and YOY
brook trout density between removal treatment prior to treatment were determined with a
repeated measures analysis of variance (ANOVA) using the PROC MIXED procedure in SAS,
where the removal type (50 and 90%) and time (March, June, August, November 2005) were
fixed effects and the stream within removal treatment was the random effect. For YOY brook
trout, pre-treatment differences were determined only with June, August and November data.
Following the timber harvest, differences in YOY and age 1+ brook trout density over time, and
between removal types (removal + LWD vs. removal), were determined with repeated measures
ANOVA using the PROC MIXED procedure in SAS. The percent basal area removal was used
as a blocking factor, the removal type and time of sampling were fixed effects, and stream within
removal type was the random subject effect.
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The effect of riparian tree removal and removal plus LWD addition upon brook trout size
and condition was also examined. The mean total length of age 1+ and YOY brook trout for
each stream was analyzed with a repeated measure ANOVA (PROC MIXED) in SAS to
determine if pre-treatment total length was equal between sections. The percent basal area
removal (50 and 90%) and time (March, June, August, November) were fixed effects and stream
within treatment was the random effect. For YOY brook trout, pre-treatment differences were
determined only with June, August and November data. Post-treatment effects on size were
analyzed in the same manner. In addition, we analyzed the removal + LWD section separately to
determine LWD additions had an effect on brook trout size. Repeated measures ANOVA was
used with treatment (removal + LWD vs. removal) and time as fixed effects, and streams as the
random effect. For YOY brook trout, post-treatment differences were determined only with
June, August and November data.
To assess a possible density-dependent size relationship, a repeated measures analysis of
covariance (ANCOVA) was run on site-specific mean YOY length. We assumed that size would
be temporally autocorrelated, thus mean length was regressed with density separately for June,
August, and November samples. Initial model parameters included density, removal type, and a
removal type-density interaction term. Mean fish size was regressed with mean density across
all removal types to estimate the variation in mean size explained by density.
To determine post-treatment differences in age 1+ brook trout condition over time and
between removal types, we utilized relative weight as our condition factor. The relative weight
(Wr ) equation as described by Wege and Anderson (1978) is:
Wr = W * 100
Ws
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where W = the actual weight of a fish, and Ws = the standard weight for a fish of the same
length. The equation used to relate standard weight (g) to total length (TL, mm) for brook trout
was from Hyatt and Hubert (2001). The proposed metric (g and mm) standard weight equation
for brook trout in lotic habitats is log10 Ws = -5.186 + 3.103 log10TL. We did not assess
condition on trout less than 120mm following the suggestion by Hyatt and Hubert (2001). Mean
relative weights were assessed using repeated measures ANOVA, which was used to determine
the effect of removal type on brook trout condition. Treatment (removal + LWD vs. removal)
and time were the fixed effects and stream reach within treatment was the random effect.

Brook Trout Movement
Movement into and out of a stream section was calculated in terms of percent retention
and percent immigration. Percent retention was the number of fish captured in a stream section
which were marked and had been released in the same stream reach on the previous sampling
occasion. Percent immigration equaled the number of fish captured in a stream reach that did not
possess any VIE tags, or a VIE tag not unique to the section of capture divided by the total
number of fish collected (Sweka 2003). Overall percent retention of resident fish and percent
immigrant fish were compared among sections using one-way ANOVA with 50% and 90%
removal streams analyzed separately, and Fisher’s least significant difference test was used as a
multiple comparison test if the overall F-test was significant.
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Results
Brook trout populations
Pre-treatment YOY brook trout density varied across streams (Table 2) (50% removal, p
= 0.021: 90% removal, p = 0.118). Pre-treatment age 1+ brook trout density also varied greatly
across streams (Table 2) (50% removal, p < 0.001: 90% removal, p = 0.085).
Following the removal and removal plus addition of large woody debris, YOY brook
trout densities varied significantly with time (Figure 3, 50% removal, p < 0.001: Figure 4, 90%
removal, p < 0.001). There was a small increase in YOY trout over time in some sections of the
50% removal streams, while the 90% removal streams also had increases in certain sections.
After the removal and removal plus addition of large woody debris, age 1+ brook trout densities
varied significantly with time (Figure 5, 50% removal, p < 0.001: Figure 6, 90% removal, p <
0.001). There was not a consistent increase in age 1+ trout over time in the 50% removal
streams, while the 90% removal streams did have some increase in certain sections during early
2008.
There was no significant removal x time effect for YOY brook trout density in either the
50 or 90% removal streams (50% removal, p = 0.975: 90% removal, p = 0.889). There was also
no significant removal x time effect for age 1+ brook trout density (50% removal, p = 0.846:
90% removal, p = 0.991) which would have indicated that there was a difference between
removal, removal + LWD, and reference sites over time.
Fisher’s LSD indicated that YOY brook trout density was significantly higher than
reference in the removal + LWD section for the 50% removal streams during June 2007 (p =
0.003). YOY brook trout density was not significantly different during any other post-harvest
samples for the 50% removal streams (all p > 0.230). Fisher’s LSD indicated that YOY brook
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trout density was significantly higher than reference in the removal + LWD addition section (p =
0.003) and in the removal section (p = 0.040) for the 90% removal streams during June 2007.
Fisher’s LSD indicated that YOY brook trout density was significantly higher than reference in
the removal + LWD section (p = 0.047) and in the removal section (p = 0.030) for the 90%
removal streams during August 2007. YOY brook trout density was not significantly different
during any other post harvest samples for the 90% removal streams (all p > 0.068).
Age 1+ brook trout density was not significantly affected by treatments. Fisher’s LSD
indicated that age 1+ brook trout density was not significantly higher in removal or removal +
LWD sections compared to reference in the 50% removal streams during any post harvest
sample (all p > 0.106). Fisher’s LSD indicated that age 1+ brook trout density was not
significantly different in removal or removal + LWD than reference sites in the 90% removal
streams during any post harvest sample (all p > 0.325).

Brook trout size and condition
The riparian removal of trees and removal plus addition of LWD appeared to influence
the size of some brook trout. Pre-treatment mean YOY total lengths (p = 0.032) and age 1+ total
lengths (p = 0.740) were similar between 50% and 90% removal streams. Following treatment,
mean total lengths of YOY brook trout in both 50% and 90% removal streams varied
significantly with time (Figure 7, 50% removal, p < 0.001: Figure 8, 90% removal, p < 0.001).
However, there were no differences between 50% removal and 90% removal streams (p = 0.319)
and there was no removal type x time interaction in either 50% or 90% removal streams (50%
removal, p = 0.578: 90% removal, p = 0.997). Mean total length of YOY brook trout did vary
across some streams and sections. Mean total length of YOY brook trout was greater in removal
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and removal + LWD sections of 50% removal streams during June, August, and November
2007, and August 2008 but these differences were not significant. There were no differences in
mean YOY brook trout total length between sections in the 90% removal streams during any
sample. Analysis of covariance did not find a significant relationship between mean YOY
density and YOY mean total length for any removal type in either 50% or 90% removal streams
(all p > 0.124).
Following removal and LWD addition, mean total lengths of age 1+ brook trout in both
50% and 90% removal streams varied significantly with time (Figure 9, 50% removal, p < 0.001:
Figure 10, 90% removal, p < 0.001). However, there were no differences between 50% removal
and 90% removal streams (p = 0.262) and there was no removal type x time interaction in either
50% or 90% removal streams (50% removal, p = 0.353: 90% removal, p = 0.743). Mean total
length of age 1+ brook trout did vary across some streams and sections. Mean total length of age
1+ brook trout was higher than reference in removal and removal + LWD sections of 50%
removal streams during November 2007 (p= 0.024). There were no differences in mean age1+
brook trout total length between sections in the 90% removal streams during any sample. The
condition of age 1+ brook trout greater than 120 mm, as indexed by relative weight, did not
differ between 50% and 90% removal streams (p = 0.762). The condition of age 1+ brook trout
did not differ between treatment (removal and removal + LWD) and reference reaches in 50% or
90% removal streams (Figure 11, 50% removal, p = 0.943: Figure 12, 90% removal p = 0.865)

Brook trout movement.
In the movement component of this study, a total of 11,213 brook trout were marked with
VIE tags beginning in March 2007. The total number of recaptured brook trout was 3,500, thus
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31.2% of the fish marked were recaptured in later samples. We found that few brook trout were
recaptured outside of the stream section in which they were originally marked. The majority of
brook trout, 87.8%, were recaptured in the same stream reach. Of the 12.2% of brook trout that
were captured outside of their original stream reach, they did not preferentially move into any
particular section. Overall percent retention of resident fish differed significantly between
sections (p = 0.030). Percent retention was greatest in reference sections of 50% removal
streams and lowest in the removal + LWD sections of 90% removal streams (Table 3). Percent
immigration was high in all sections (60-71%) suggesting high rates of movement, but was not
significantly different between sections (50% removal streams, p = 0.321: 90% removal streams,
p = 0.256). Percent immigration was highest in the removal + LWD addition section (71%) of
the 50% removal streams, while lowest in the reference section (60%) of the 50% removal
streams.

Discussion
Brook trout populations
Previous researchers have reported increases in abundance of juvenile salmonids after
clear-cut logging watersheds to the streambank (Bisson and Sedell 1984, Johnson et al. 1986,
Murphy et al. 1986, Beschta et al. 1987, Thedinga et al. 1989, Bilby and Bisson 1992) with the
increases in abundance of fish attributed to increases in abundance of prey that resulted from
increased primary production. Several studies have shown a positive correlation between
salmonid abundance and the amount of large woody debris in streams. Berg et al. (1998) and
Fausch and Northcote (1992) both found that fish abundance was strongly correlated with total
pool volume within a stream reach, which was governed by the amount of boulders and LWD in

101
western streams. The occupancy rate of salmonids in a given habitat type increase with the
amount of LWD (Flebbe and Dolloff 1995, Young 1996, Neumann and Wildman 2002). Brook
trout abundance in small streams increase as pool areas increases (Gowan and Fausch 1996a,
Neumann and Wildman 2002), and pool area has been shown to be influenced by the amount of
LWD present (Richmond and Fausch 1995). In this before-after comparison study, in which we
manipulated the amount of riparian tree harvest and LWD input, it was assumed that increasing
the instream LWD would increase pool area and potentially increase brook trout abundance.
While additional pools were not necessarily created in this study (Chapter 2), LWD additions
within the stream also supplied other benefits to the stream by increasing retention of organic
matter with potential increases in macroinvertebrate production, and the creation of overhead
cover and refugia. These potential benefits associated with LWD addition could increase brook
trout abundance through the retention of resident fish and attraction of immigrant fish.
YOY and age 1+ brook trout densities varied over the course of the study in both 50%
and 90% removal streams. We found that in 2007 there was a large year class of YOY, with
densities of YOY being greater in the removal and removal + LWD sections. The overall greater
amount of LWD in these sections may have provided large areas of overhead cover and refugia
for YOY brook trout, which may have increased the survival during summer, into fall and over
winter. YOY densities were significantly higher in removal + LWD addition and removal
sections in both treatments during both June and August 2007. The 90% removal streams also
had greater densities of YOY in November 2007 in the removal + LWD section but the
differences were marginally significant (0.068). This age class of YOY fish may have had
greater winter survival as age 1+ brook trout density was greater (but not significantly different)
in March 2008 in removal + LWD and removal sections of both 50% and 90% removal streams.
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The removal and removal + LWD sections in 90% removal streams had continued higher
densities (but not significantly different) of age 1+ fish during June 2008 as well. Sweka and
Hartman (2006) found similar results in that fall densities of YOY were higher in streams that
received greater amounts of LWD, and these higher densities carried over to the spring with
higher densities of age 1+ brook trout. Conversely, Gowan and Fausch (1996a) did not find any
influence of habitat manipulation on brook trout recruitment in Colorado. The high densities
observed in both YOY and age 1+ brook trout was short lived as the densities were equivalent
among sections in both treatments by November 2008. A similar trend in decreased densities
was also observed by Sweka and Hartman (2006), who found that three years post LWD
addition, sections with more LWD had similar brook trout densities to sections with less LWD
by the end of the study.
While our study was a short-term study of riparian tree hravest effects on brook trout
densities, it may be important to further monitor these sites to establish long-term observations
on brook trout response to long-term harvest. Several of the studies that have reported increases
in abundance of juvenile salmonids after clear-cut logging (Johnson et al. 1986, Murphy et al.
1986, Thedinga et al. 1989) were short-term studies that only sampled during one summer and
one winter. Studies focused on trout population response to riparian timbering have either
looked at the short-term effects (1 year or less), or the differences between a specific time period
(35-50 year post harvest) and reference conditions, and were not a long-term monitoring and
analysis. The lack of a multi-year study to assess the long-term response of salmonids to riparian
harvest indicates the need to assess trends in brook trout populations over several years to
document possible responses. In general, it is assumed that after riparian harvest, the short-term
increase in salmonid production is followed by decreased productivity below natural levels, as
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the canopy closes and the physical habitat degrades. This pattern has been observed throughout
the Pacific Northwest and provides a general model of how stream-dwelling salmonid
populations respond to riparian logging (Murphy and Hall 1981, Hawkins et al. 1983, Bisson and
Sedell 1984, Murphy et al. 1986, Beschta et al. 1987, Gregory et al. 1987, Bilby and Bisson
1992). While these studies have given a general pattern of salmonid population response to
riparian logging, it is important to note that these studies in the Pacific Northwest involved
different topography, geologies, and species than those in the our study and may yield different
long-term results. To date, our study of brook trout response to manipulations of existing forest
canopies and large woody debris additions within designated streamside management zones is
the only one that has been conducted in the Appalachians and with this important recreational
species. Future work should investigate the long term (5 - 30 year) changes in trout density,
length, and condition associated with varying levels of timber harvest in these streams.

Brook trout size and condition
The removal of riparian trees and addition of LWD may have influenced the size of some
brook trout. While the differences were not significant, mean total length of YOY brook trout
was greater in removal and removal + LWD sections of 50% removal streams during June,
August, and November 2007, and August 2008, with no differences in 90% removal streams.
We found that age 1+ brook trout condition and size were relatively unaffected by riparian
harvest and harvest plus the addition of LWD. Mean total length of age 1+ brook trout was
higher in removal and removal + LWD sections of 50% removal streams only during November
2007 with no differences in 90% removal streams. The condition of age 1+ brook trout did not
differ between treatment and reference reaches in 50% or 90% removal streams. LWD increases
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the storage of leaf matter (Raikow et al. 1995) which provides substrate and food resources for
aquatic macroinvertebrates, thereby increasing the potential for production at higher trophic
levels (Gurnell et al. 1995). Thus, condition and size would be expected to be greatest in areas
with abundant LWD, which was somewhat the case for YOY in 50% removal streams. It is
possible that increases in the density of trout within these sections may have affected condition
and growth. Increases in the density of YOY and age 1+ trout may have offset the gains in
productivity and yielded non-significant differences in the size or condition of trout. Riparian
harvest increases primary productivity, increases benthic invertebrates, resulting in an increase in
juvenile salmonid density and growth (Bisson and Sedell 1984, Beschta et al. 1987, Bilby and
Bisson 1992). We would expect condition and size to be greatest in areas with the most removal
(90% removal), but no such effect was seen. Although LWD additions were lower than ours,
Sweka (2003) found age 1+ brook trout growth, condition, and size were unaffected by LWD
additions in central Appalachian streams. Other researchers have also failed to show a
relationship between increased LWD abundance and growth of salmonids. Cederholm et al
(1997) found that LWD additions did not increase the mean length of coho salmon smolts.
Several studies by Fausch, did not show any influence of LWD additions to brook trout growth
and condition in Colorado streams (Riley and Fausch 1995, Gowan and Fausch 1996a). Adding
LWD to streams has the potential to increase food availability to fish, but this increased food
availability could be offset by decreased foraging efficiency due to increased instream overhead
cover (Wilzbach and Cummins 1986). Stream dwelling salmonids prefer areas with abundant
cover and decreased risk of predation provided by LWD (Young 1995, Flebbe and Dolloff 1995,
Neuman and Wildman 2002) and may not have preference for areas where energy acquisition is
maximized because of low overhead cover and increased predation risk. Therefore, there are
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costs and benefits associated with our treatment sections, and fish may have to adjust habitat use
and foraging behavior so as to balance these.

Brook trout movement.
We found few brook trout were recaptured outside of the stream section in which they
were originally marked. The high percentage of brook trout (87.8%) recaptured in their original
location, suggests that movement rates between sections was low (Gerking 1959), or that moving
fish moved on a scales greater than the reach scale. Sweka (2003) in studying central
Appalachian streams also found a high percentage of recaptured fish in their original location of
capture (86%). However, this may not be evidence of low movement (Gowan and Fausch
(1996b). At the same time, percent immigration was high in all sections (60-71%) suggesting
high rates of movement (Gowan and Fausch 1996b). Sweka (2003) also found a high percentage
of immigration (73-91%) within central Appalachian streams. Our study results are somewhat
similar to other studies of stream fish movement, having low recapture rates and high
percentages of immigrant fish (Gowan et al. 1994, Sweka 2003). However, we had much higher
percentage retention of resident fish than other studies, where retention was 34-58%. Sweka
found that retention of brook trout was much lower (7-25%) in central Appalachian streams.
Percent retention was greatest in reference sections of 50% removal streams and lowest in the
removal + LWD sections of 90% removal streams. Based on several behavioral studies, it
appears that several species of stream dwelling salmonids prefer pool habitat with abundant
LWD cover (Young 1995, Flebbe and Dolloff 1995, Neuman and Wildman 2002). Retention of
resident fish would be expected to be greatest in these areas, but this was not the case. A
possible explanation for these results may be that if fish move within these streams they move
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greater distances than the reach levels we studied, and if fish do not move, they stay within their
chosen reach.
We did not study the movement of fish in the 100 m buffer sections above and below the
study sections nor in other areas of the stream. Trout could have been opportunistically moving
the relatively short distances into the study sections from these areas. Previous research has
shown that very large movements are common and that immigrating fish came from beyond the
stream study sections. Sweka (2003) suggested that the high rates of movement (immigration)
seen in central Appalachian streams is most likely due to fish moving relatively short distances
(< 400 m). Logan (2003) suggests that brook trout in Appalachian headwater streams are quite
mobile with brook trout having a mean spring season home range of 301- 637 m. Young (1995),
Harvey (1998), and Gowan and Fausch (1996b) also found large amounts of movement by trout.
One possible explanation for the high rates of movement is that our mark-recapture periods were
spaced too far apart. If small movements are constantly taking place, the long duration (3
months) between sampling in our study reduced the probability of recapturing a fish in its home
section. If we had increased sampling periods, immigration rates may likely have been lower.
However, the increased electrofishing effort and the potential effects on trout survival (Dalbey et
al. 1996) could have biased conclusions.

Best management practices and brook trout
States have created BMP guidelines pertaining to SMZ widths based on several different
factors such as slope, stream width, stream type, stream order, and land use (cold water fisheries,
municipal waters, wetlands). West Virginia, along with several southeastern U.S. states, allows
timber harvesting within SMZs. Overall, most southeastern states recommend leaving 50-75%
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canopy cover or 50 ft 2/acre basal area on perennial streams. West Virginia has no current
harvesting restriction within the streamside management zone. While West Virginia has not
adopted harvesting limits within SMZ’s, some timber companies have employed their own
harvest limits. For instance, MeadWestvaco Corporation restricts timber harvest to 50% of the
basal area within SMZ’s. (Aaron Plaugher, Personal Communication).
Limits on harvest of timber in the southeastern U.S. vary by state; however we could find
no studies that actually quantify the impacts of different harvest limits in SMZ’s on brook trout.
Kentucky and Georgia recommend leaving 50-75% canopy cover on streams with cold water
fisheries (Kentucky Department of Forestry 1997, Georgia Forestry Commission 1999). Georgia
sets forth two specific harvest practice options for trout streams: Option A) A minimum 100 feet
SMZ that includes a no harvest zone within the first 25 feet of primary or secondary trout
streams, timber harvests within the remaining 75 feet of the SMZ should leave an average of 50
square ft of basal area per acre or at least 50% canopy cover. Option B) Within the 100 feet
SMZ, leave an average of 50 square feet of basal area per acre evenly distributed throughout the
zone to provide shade (Georgia Forestry Commission 1999). Kentucky recommends that
coldwater streams should have a minimum of 75 percent of the original tree overstory retained
within the 60-foot-wide strip on either side of the stream (Kentucky Department of Forestry
1997). We found that timber harvest with SMZ’s had some positive effect on fish as YOY
densities were greater in the removal section in both 50% and 90% removal streams during
summer 2007. We also found a corresponding increase in age 1+ brook trout density in March
2008 in both treatments. However, the high densities observed in YOY trout were short-lived as
the densities were equivalent among sections in 90% treatments in August 2008 and in 50%
treatments by November 2008. The higher densities observed in and age 1+ brook trout was also
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short-term as the densities were equivalent among sections in 90% treatments in August 2008
and in 50% treatments by June 2008. The decreases seen from June to August 2008 in age 1+
trout in the 90% streams may suggest avoidance by trout of the removal sections during periods
of increased temperatures. The further decrease in age 1+ trout density from August to
November 2008 in the 90% streams could also indicate decreased summer survival within these
sections. We found that 50% removal sections did not have the large decreases in age 1+ fish
from June to August 2008 and actually had increased for YOY trout in these sections during this
time. Further, the mean total length of YOY brook trout was greater in removal sections of 50%
removal streams during June, August, and November 2007, and August 2008, with no
differences in 90% removal streams. Our results suggest that 50% basal area removal of trees
within an SMZ has no negative effect on brook trout and in some cases may be beneficial. We
suggest that coldwater streams should have a minimum of 50 percent of the basal area retained
within the SMZ. However, the short-term (year 1) increase and then subsequent decrease (year
2) in brook trout densities make it necessary to assess trends in brook trout populations over
several years as there are several unknowns associated with the possible response to varying
riparian harvest.
Current BMP’s require that all logging debris be removed from streams during timber
operations. Currently, felled tops must be pulled from the stream channel on all perennial and
intermittent streams, as small logging debris can be harmful to the stream channel causing bank
erosion and channel blockage (West Virginia Division of Forestry 2005). We found that timber
harvest combined with LWD addition with SMZ’s had some positive effect on fish as YOY
densities were greater in LWD addition section in both 50% and 90% removal streams during
summer 2007. We also found a corresponding increase in age 1+ brook trout density in March
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2008 in these same areas. However, the high densities observed in YOY trout were short-lived
as the densities were equivalent among sections in 90% treatments in August 2008 and in 50%
treatments by November 2008. The higher densities observed in age 1+ brook trout were also
short-term as the densities were equivalent by August 2008. We found that mean total length of
YOY brook trout was greater in LWD addition sections of 50% removal streams during June,
August, and November 2007, and August 2008, with no differences in 90% removal streams.
Our results suggest that the addition of LWD and tree tops to a stream has no negative effect on
brook trout and in some cases were beneficial. However, it is necessary to assess possible trends
in brook trout populations over several years as the full potential of the added LWD to affect
brook trout populations may not be realized for many more years.
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Table 1. Summary descriptive stream statistics of the eight study streams in the Middle Fork
River watershed, Randolph County, West Virginia (March 2005 – December 2008).

Stream
Birch Fork
Kittle Creek
Mitchell Lick
Mulberry Fork
North Panther Run
Rocky Run
Schoolcraft Run
South Panther Run

Stream
Order
2
2
1
1
1
2
2
1

Mean wetted
width (m)
3.22
2.42
2.01
1.95
2.57
3.28
2.97
2.54

Mean Gradient
(%)
2.92
2.99
3.98
4.95
3.90
3.77
2.89
2.66

Mean Elevation
(m)
847
780
810
701
749
890
737
804

122
Table 2. Initial (pre-harvest) brook trout density in eight tributaries of the Middle Fork
River, Randolph County, West Virginia.
% Basal Area
Age 1+
YOY
Removal
Density
Density
Sample Date
Treatment
Stream
Section
#/100 m2 #/100 m2
March 2005

50%

Birch Run

Kittle Creek

Mulberry Fork

N. Panther Run

90%

Mitchell Lick

Rocky Run

Schoolcraft Run

S. Panther Run

June 2005

50%

Birch Run

Kittle Creek

Mulberry Fork

N. Panther Run

90%

Mitchell Lick

Rocky Run

Schoolcraft Run

S. Panther Run

Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference

14.525
5.390
11.010
7.577
9.463
11.825
0.000
0.164
0.000
10.215
4.756
13.354
34.100
23.972
37.600
4.022
11.858
10.966
18.994
9.182
25.626
5.731
5.532
3.386
11.416
7.076
13.501
7.020
7.196
12.135
1.214
0.655
0.396
15.993
6.266
20.765
40.171
20.529
32.591
5.659
9.264
8.945
24.920
21.482
34.046
7.747
7.281
7.615

0.534
0.000
0.000
0.179
0.197
0.184
0.000
0.000
0.000
1.481
2.919
0.831
0.000
0.999
0.305
0.000
0.000
0.000
1.423
2.537
1.068
1.725
1.844
2.143
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August 2005

50%

Birch Run

Kittle Creek

Mulberry Fork

N. Panther Run

90%

Mitchell Lick

Rocky Run

Schoolcraft Run

S. Panther Run

November 2005

50%

Birch Run

Kittle Creek

Mulberry Fork

N. Panther Run

90%

Mitchell Lick

Rocky Run

Schoolcraft Run

S. Panther Run

Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference
Removal
Removal + LWD
Reference

5.272
8.758
12.336
7.785
7.999
14.534
1.943
1.146
0.396
15.202
4.523
17.758
26.573
14.272
25.100
4.605
4.897
6.070
27.770
24.491
29.013
2.760
5.601
9.132
5.271
3.184
6.261
3.677
4.132
7.389
1.700
1.965
0.396
3.855
0.780
2.700
12.696
7.192
12.269
2.603
3.376
4.072
20.524
13.677
21.431
6.536
7.597
2.963

2.976
0.428
1.038
2.197
2.460
3.280
0.000
0.819
0.000
7.126
6.021
3.769
7.452
8.064
1.220
0.126
0.515
0.734
7.457
5.995
8.072
0.873
3.321
1.429
0.668
1.212
2.035
4.569
2.164
5.770
0.000
0.000
0.000
0.363
0.260
1.731
10.097
4.661
9.107
0.251
0.457
0.294
4.506
4.636
3.203
3.105
0.845
2.557
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Table 3. Summary of mean (SE) movement statistics for study sections in the Middle Fork
River, Randolph County, West Virginia (March 2007 – December 2008).
Section

Retention (%)

Immigration (%)

Removal
Removal + LWD
Reference

35.6 (4.4)
37.8 (4.9)
58.1 (9.8)

69.1 (3.3)
71.3 (3.4)
60.2 (3.8)

Removal
Removal + LWD
Reference

39.3 (5.5)
34.1 (4.8)
47.9 (6.5)

66.8 (3.2)
70.4 (3.3)
63.7 (3.5)

50% removal streams

90% removal streams
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Figure 1. Middle Fork River watershed, Randolph County, West Virginia and the location of the
eight study streams.
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Figure 2. Schematic diagram of the study stream sections in eight tributaries of the Middle Fork
River, West Virginia. The removal and removal plus Large Woody Debris (LWD) addition
sections were randomly placed in either the down or up treatment locations. Arrow represents
direction of stream flow. * Note exaggerated lateral scale.
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Figure 3. YOY brook trout density over time in the four 50% basal area removal streams of the
Middle Fork River, West Virginia. Bars represent + 1 standard error. Dashed vertical line
denotes pre and post treatment.
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Figure 4. YOY brook trout density over time in the four 90% basal area removal streams of the
Middle Fork River, West Virginia. Bars represent + 1 standard error. Dashed vertical line
denotes pre and post treatment.

129

Figure 5. Age 1+ brook trout density over time in the four 50% basal area removal streams of
the Middle Fork River, West Virginia. Bars represent + 1 standard error. Dashed vertical line
denotes pre and post treatment.
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Figure 6. Age 1+ brook trout density over time in the four 90% basal area removal streams of
the Middle Fork River, West Virginia. Bars represent + 1 standard error. Dashed vertical line
denotes pre and post treatment.
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Figure 7. Mean YOY brook trout total length in four 50% basal area removal streams tributaries
of the Middle Fork River, West Virginia. Bars represent + 1 standard error. Dashed vertical line
denotes pre and post treatment.
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Figure 8. Mean YOY brook trout total length in four 90% basal area removal streams tributaries
of the Middle Fork River, West Virginia. Bars represent + 1 standard error. Dashed vertical line
denotes pre and post treatment.
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Figure 9. Mean age 1+ brook trout total length in four 50% basal area removal streams
tributaries of the Middle Fork River, West Virginia. Bars represent + 1 standard error. Dashed
vertical line denotes pre and post treatment.
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Figure 10. Mean age 1+ brook trout total length in four 90% basal area removal streams
tributaries of the Middle Fork River, West Virginia. Bars represent + 1 standard error. Dashed
vertical line denotes pre and post treatment.
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Figure 11. Mean relative weight of age 1+ brook trout in four 50% basal area removal streams
tributaries of the Middle Fork River, West Virginia. Bars represent + 1 standard error. Dashed
vertical line denotes pre and post treatment.
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Figure 12. Mean relative weight of age 1+ brook trout in four 90% basal area removal streams
tributaries of the Middle Fork River, West Virginia. Bars represent + 1 standard error. Dashed
vertical line denotes pre and post treatment.
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Chapter 4: Effects of riparian tree removal on Appalachian brook trout diet during late
summer.

Abstract
Riparian vegetation has been shown to provide prey to stream fish in the form of terrestrial
invertebrates. In headwater streams terrestrial invertebrate prey can be an important energy
source for brook trout (Salvelinus fontinalis), especially when aquatic prey is seasonally limited.
We examined the contribution of terrestrial invertebrates to brook trout diet on four streams in
central West Virginia after experimental riparian timber harvest. Consumption estimates by
origin of prey varied significantly within sections over the course of the study. Brook trout
consumed a greater proportion of terrestrial invertebrates in reference sections than in timber
removal sections during the study. Within the 50% basal area removal streams, terrestrial
invertebrates represented 64.9% of brook trout diet in reference sections and 47.0% of the diet in
removal sections by number. Within 90% basal area removal streams, terrestrial invertebrates
represented 52.6% of brook trout diet in reference sections and 22.6% of the diet in removal
sections by number. Within the 50% removal streams, terrestrial invertebrates represented
70.4% of brook trout diet biomass (g DW) in reference sections and 39.5% of the biomass in
removal sections. Within 90% removal streams, terrestrial invertebrates represented 75.6% of
brook trout biomass in reference sections and 28.0% of the biomass in removal sections. Within
the 50% removal streams, terrestrial invertebrates represented 70.9% of energy in the brook trout
diet in reference sections and 40.5% of the energy in removal sections. Within 90% removal
streams, terrestrial invertebrates represented 79.2% of brook trout energy in reference sections
and 31.3% of the energy in removal sections. A MANOVA test on proportional prey by
abundance showed that brook trout in removal and reference sections exploited particular prey
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taxa at significantly different rates. Throughout late summer in 90% removal sections, trout fed
on a significantly higher proportion of EPT (Ephemeroptera, Plecoptera, Trichoptera), and trout
in the reference sections fed on a higher proportion of terrestrial Lepidoptera. The proportion of
Lepidoptera abundance, biomass and energy was significantly lower in brook trout diets in both
50% and 90% removal sections compared to reference sections. Previous research has shown
that Lepidoptera play an important role in sustaining summer brook trout populations and the
removal of forest canopy resulted in reductions in Lepidoptera input to the streams. Terrestrial
invertebrates represent a greater proportion of the abundance, biomass and energy for brook trout
in reference sites and may be greatly reduced in timbered areas. Thus, timber harvest even at the
50% basal area removal level results in disruptions in the food web in these Appalachian
headwater streams.

Introduction
Riparian conditions affect stream ecosystems in a number of ways. Riparian vegetation
along streams can influence light and thermal regimes (Weatherly and Ormerod 1990, Tait et al.
1994), the source of nutrients and detritus (Bilby and Bisson 1992, Vought et al 1994), and
terrestrial invertebrates (Allan et al. 2003, Kawaguchi and Nakano 2001). The riparian
ecosystem has long been recognized as providing the energy base for trophic dynamics in small
headwater streams of deciduous forests (Vannote et al. 1980, Wallace et al. 1997). Freshwater
stream communities commonly receive prey and detritus subsidies from surrounding habitats.
Allochthonous inputs of leaf litter and woody debris provide the energy necessary to support
higher trophic levels in low order forested streams (Vannote et al. 1980). This energy is
indirectly available to fish through benthic invertebrate production (Nakano et al. 1999).
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Research has shown that benthic invertebrate production within streams is often less than
that required to support fish. Allen (1951) believed benthic invertebrate production to be below
levels necessary for fish production in small streams yet fish populations persist; a notion that
has become known as the Allen Paradox. One explanation for the Allen Paradox is the input of
energy sources directly to stream fish in the form of terrestrial invertebrates (Edwards and Huryn
1995, Wipfli 1997, Utz and Hartman 2007, Sweka and Hartman 2008).
Brook trout (Salvelinus fontinalis) of the central and southern Appalachians inhabit small
headwater streams where benthic invertebrate production may be considered low (Cada et al.
1987), especially during the late summer and fall. Food availability, in terms of drift density,
generally decreases from the spring to fall seasons (Allan 1981, Wipfli 1997) and overall prey
consumption by brook trout may be below maintenance ration levels during the late summer
months (Ensign et al. 1990, Utz and Hartman 2007). Sweka (2003) found that brook trout
showed negative growth through the summer and into the fall indicating energy deficit with
reduced terrestrial invertebrate consumption.
Riparian vegetation has been shown to provide prey to stream fish in the form of
terrestrial invertebrates (Cadwallader et al. 1980, Wipfli 1997). Terrestrial invertebrates
commonly occur in salmonid diets (Elliot 1973, Hubert and Rhodes 1989, Forrester et al. 1994),
but until recently researchers have paid relatively little attention to their importance as an energy
source (Kawaguchi and Nakano 2001, Utz and Hartman 2007, Sweka and Hartman 2008) and
have focused more on relationships between aquatic invertebrate drift and diet composition. The
contributions of terrestrial invertebrates to total ingested biomass and energy vary with
respective studies, time of the year, and forest type (Allan 1981, Hubert and Rhodes 1989, Wipfli
1997). The general consensus in the literature is that the contribution of terrestrial invertebrates
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to salmonid diets increases throughout the summer months (June – September) as aquatic
invertebrates in the drift decrease (Allan 1981, Wipfli 1997, Utz and Hartman 2007, Sweka and
Hartman 2008). Terrestrial invertebrates may contribute greater than 50% of the consumed
biomass in salmonid diets (Allan 1981, Wipfli 1997, Utz and Hartman 2007, Sweka and
Hartman 2008).
The contribution of terrestrial invertebrates to salmonid diets depends on the vegetation
of the surrounding riparian area. Wipfli (1997) found terrestrial invertebrates comprised a higher
proportion of salmonid diets in young-growth systems compared to old-growth systems in
Alaskan streams. Kawaguchi and Nakano (2001) found terrestrial invertebrates comprised 49%
and 53% of the annual total prey consumption in forested and grassland areas of a Japanese
stream. Edwards and Huryn (1996) found the input of terrestrial invertebrates was greater in
forested than in grassland streams. Kawaguchi and Nakano (2001) suggested that welldeveloped overhanging vegetation should enhance the input of terrestrial invertebrates with little
or no flying ability (Lepidoptera larvae and Coleoptera).
Terrestrial prey has been shown to be an important energy source for salmonids,
especially when aquatic prey is seasonally limited. Kawaguchi and Nakano (2001) found
terrestrial invertebrates were as much as 68% of the consumed biomass during the summer. Utz
and Hartman (2007) found that terrestrial organisms are more important than aquatic organisms
in sustaining brook trout populations during warmer months. Sweka and Hartman (2008) found
terrestrial invertebrates comprised a large proportion of the yearly consumed biomass (36-49%)
and an even larger proportion of the yearly consumed energy (50-70%) of brook trout.
If riparian communities control terrestrial invertebrate inputs, then riparian management
activities that alter the riparian plant community may change food resources within the stream.
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Large scale removal of riparian trees would likely decrease the input of terrestrial invertebrates
to stream systems and food availability to stream fish. Timber harvest can quickly decrease
terrestrial invertebrate abundance, but terrestrial invertebrate abundance may increase to above
pre-timber harvest levels during regeneration in subsequent years (Schowalter et al. 1981).
Riparian harvest has been shown to decrease leaf litter inputs (Hetrick et al. 1998, Kreutzweiser
et al 2004). This decrease can exert strong bottom-up effects and lower the invertebrate
productivity for a stream (Wallace et al. 1999). Interestingly, the little research investigating the
effects of timber harvest on inputs of terrestrial invertebrates into streams has failed to find
significant relationships despite evidence that riparian vegetation composition affects terrestrial
invertebrate communities (Allan et al 2003, Musslewhite and Wipfli 2004).
Brook trout of the Appalachians inhabit streams of low productivity and severe prey
limitation (Ensign et al. 1990), and are considered opportunistic foragers, consuming a wide
variety of prey (Allan 1981; Forester et al. 1994, Utz and Hartman 2007, Sweka and Hartman
2008). The opportunistic foraging behavior of brook trout in a prey limited environment
presents an ideal scenario to determine how riparian tree removal influences terrestrial prey
availability because changes in terrestrial prey abundance would be expected to be evident in the
opportunistic diet of the fish. The purpose of this study was to determine what influence the
removal of overhead riparian trees had upon terrestrial prey availability and prey consumption by
brook trout.

Methods
Study site description
This study was conducted in four tributaries of the Middle Fork River, Randolph
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Co., WV. The watershed is located in the Allegheny Plateau physiographic province.
The study streams were Birch Fork (BF), Mitchell Lick (ML), North Fork Panther Run (PR), and
Schoolcraft Run (SR) (Figure 1). All streams were small, of low stream order, and relatively
high gradient (Table 1). Stream elevations ranged from 685 to 929 m. The percent canopy cover
of these streams averaged 80-90%, and stream temperatures remained adequate for brook trout
for the majority of the year with temperatures rarely exceeding 20°C. The surrounding
watersheds of all streams were actively managed for fiber production by the MeadWestvaco
Corporation (property was sold to Penn Virginia Corporation in fall 2007), and timber harvest
activities occurred in all watersheds throughout the study. The age of the surrounding forest
ranged from 65 to 80 years and was dominated by yellow birch (Betula alleghaniensis), yellow
poplar (Liriodendron tulipifera), black birch (Betula lenta), and sugar maple (Acer saccharum).
All riparian areas were logged in the past with the greatest logging activity occurring in the early
1900’s and sporadically since the 1930’s. Timber harvest is restricted to 50% of the basal area of
trees within Streamside Management Zones (SMZ). The width of the SMZs ranges from 15 to
50 m depending on slope with further guidelines that prohibit the operation of heavy machinery,
and construction of logging roads (West Virginia Division of Forestry 2005). Stream crossings
are permitted so long as the associated road enters and exits the SMZ in the shortest possible
distance and a temporary culvert and sediment control devices are established. Although limited
harvest is permitted in SMZs (West Virginia Division of Forestry 2005), no such activity
occurred along any of the streams during the course of the study except where designated for
treatment. Evidence of timber harvest activity prior to the establishment of SMZs was apparent
along of all steams with the presence of abandoned logging roads and railroad grades, stream
crossings, and eroded streambanks in some areas.
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All streams have had limestone sand added annually by the West Virginia Department of
Natural Resources and the West Virginia Department of Environmental Protection since the mid
1990’s (WVDNR 2001). The underlying Pottsville geology has a very low buffering capacity;
therefore limestone sand is added to mitigate the effects of acid precipitation and acid mine
drainage in efforts to improve water quality in the mainstem of the Middle Fork River.
Limestone is added by depositing a pile of sand on the streambank which is then swept into the
stream under high flow events. This method of water quality enhancement has had much success
in elevating stream pH, increasing macroinvertebrate abundance, and restoring fish communities
in WV streams (Clayton and Menendez 1998, Clayton et al. 1998).
Typical of Appalachian headwater streams, fish species diversity was low in all of the
streams in this study. Brook trout was the dominant species. Other species found included
mottled sculpin (Cottus bairdi) and blacknose dace (Rhinichthys atratulus).

Experimental design
Two-250 m study reaches (designated removal, and reference reaches) were established
on four streams and these reaches were separated by 100 m buffers (Figure 2). Each stream was
then randomly assigned the treatment of being a 50% removal (basal area) or a 90% removal
(basal area) stream (Table 1). Reference sites were always located upstream of the removal
sections, as we felt that areas downstream of treatment reaches would not be “true” reference
sites due to the potential impacts of sedimentation and temperature.
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Riparian tree removal
Riparian tree removal began in July 2006 by 3 separate crews of loggers. Each logging
crew was instructed to harvest trees within the SMZ as they normally would any other site while
abiding to West Virginia Forestry BMPs. All trees felled within the removal section were
removed from the stream channel after harvesting as they would be normally removed under
West Virginia Forestry BMPs guidelines (WV Division of Forestry 2005).

Terrestrial invertebrate inputs
To assess the importance of terrestrial invertebrates for brook trout diet, we measured
number, biomass and taxonomic composition of terrestrial invertebrates entering streams.
Invertebrates were categorized as terrestrial (terrestrially derived) if they were a product of
terrestrial secondary production.
The study began on 17 July 2007 and terminated on 17 August 2007. Forty brown
floating pan-traps (Van Ness company 30.5 x 40.6 x 10.1cm medium plastic pan) (0.124 m2
surface area with 10.1 cm high sides) containing ~ 2 L of stream water were placed within the
stream bankfull width within each study section. Traps were evenly spaced and haphazardly
placed along the stream. Unlike other dietary studies (Wipfli 1997), surfactant (dish soap) was
not used to help preserve trap contents or retain invertebrates as the use of dish soap may
artificially inflate numbers of terrestrial invertebrate inputs by retaining those that may alight
from the water’s surface. Traps were tethered with nylon cord to tree roots or other structures.
Trap contents were collected every 3 days. Invertebrates visible to the unaided eye were
removed and the remaining pan was strained thru a 105 μm sieve. Invertebrates were placed into
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bottles and preserved in 80% ethanol. For more detailed analysis of this study please see
Studinski 2010.

Brook trout diets
Dietary analysis of brook trout was conducted in the two reaches of the four study
streams on three occasions 25 July 2007, 9 August 2007, and 17 August 2007. This time of year
was selected for diet and terrestrial invertebrate analysis as researchers have shown that
terrestrial invertebrate inputs are highest during this time of year (Wipfli 1997, Kawaguchi and
Nakano 2001), and brook trout heavily rely on terrestrial invertebrates to supplement their diet
during this time (Utz and Hartman 2007, Sweka and Hartman 2008). The entire 250 m stream
reach of each study stream was sampled during each sample week. Block nets were placed at the
upstream and downstream ends to meet the assumption of a closed population. Brook trout were
captured using a pulsed DC backpack electrofishing unit and a two pass removal technique.
Care was taken to ensure that all available habitats were electrofished on each pass. Brook trout
from each pass were anesthetized in a 120 mg·L -1 solution of clove oil (Anderson et al. 1997),
individually weighed to the nearest 0.5 g, measured to the nearest mm total length, and released
back into the area of capture following completion of the second electrofishing pass and diet
sampling procedures. Subsets of 20 brook trout per reach per sample date were randomly chosen
for stomach content removal. Attempts were made to collect an equal range of fish sizes to
analyze for gut content at each site, however only fish >120 mm total length were considered
eligible for gut content removal due to gear restrictions (7 mm tube diameter). During the study
some reaches had less than 20 brook trout greater than 120 mm (Table 2). Stomach contents
were removed via gastric lavage, where we directed a constant flow of stream water into the
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foregut until all items had been apparently collected (Twomey and Giller 1990). Gut items were
filtered into a 250 μm sieve and transferred to 95% ethanol. This process of collecting stomach
contents has proven effective (Light et al. 1983) and analysis with the gear used in this study has
found that the technique is acceptably efficient in removing all stomach contents in brook trout
(Sweka 2003, Utz 2005).

Laboratory procedures
All samples were returned to the laboratory for sorting, identification, and measurements.
Stomach content and terrestrial input samples were sorted and enumerated under a dissecting
microscope. All prey items were identified to the lowest taxonomic classification possible,
usually Family (Merrit and Cummins 1996). Extremely small (<0.5 mm) organisms or
organisms partially destroyed beyond identification to Family were classified to Order. The
lengths of prey items were measured via an ocular micrometer to the nearest 0.1 mm; when
lengths were unavailable head capsules widths were measured to the nearest 0.1 mm. Crayfish
(Cambarus carinirostris) carapace lengths were measured rather than head capsule width or
body length. The dry weight (DW) of each organism was estimated using published length- or
head width-dry mass equations, with the exception of crayfish where a carapace-dry mass
equation was used (Sample et al. 1993, Benke et al 1999, Johnston and Cunjak 1999, Sabo et al.
2002). Vertebrate food items, such as frogs, salamanders, and fish were dried at a temperature of
60º C for 48 hr to calculate dry weight.
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Consumption and energy estimates
Prey types were grouped according to origin (terrestrial or aquatic), life stage (adult,
pupae, or larvae), order and family. Each prey item was converted to units of energy (calories g 1

DW) using published dry weight energy equations (Table 3, Cummins and Wuycheck 1971),

and the total energy in the gut was summarized for each fish.
Calculations were made to approximate brook trout observed consumption in terms of
total energy and total biomass. The total energy intake was divided by fish weight (g) to
calculate an observed consumption value (calories g-1 fish) for each fish. The total biomass (DW)
consumed was divided by fish weight (g) to calculate an observed biomass consumption value (g
DW g-1 fish) for each fish.

Statistical analysis
We utilized four methods in order to determine the overall feeding strategy of brook trout
during the study; energy and biomass consumption estimates, proportional estimates by
abundance, biomass, and energy of terrestrial invertebrates consumed by brook trout, total
proportional prey exploitation (abundance, biomass, and energy) by brook trout, and correlation
between pan traps and brook trout diet.
Consumption estimates for total energy and total biomass by origin (aquatic or terrestrial)
were calculated in order to determine if fish were deriving a majority of energy from either
source. Mean consumption values were calculated for both prey categories. A t-test was run on
the mean aquatic and terrestrial energy and biomass consumption between sections for each
sample week to determine if one category was significantly higher than the other in each section.
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Proportional diet composition by abundance, mass, and total energy was calculated for
each prey type for each stream section over the entire study. The proportion of terrestrial
invertebrates by abundance, mass, and total energy was compared between removal and
reference sections within removal treatments using t-tests.
The 10 most common prey orders by number (aquatic and terrestrial) were selected for
analysis of proportional diet composition, all other orders not in these 10 prey orders were
grouped into an “other” category (other aquatic and other terrestrial). We grouped aquatic
Ephemeroptera, Plecoptera, and Trichoptera together into one group (EPT) for the purpose of
analysis, as the emphasis of the analysis was placed on terrestrial organisms, and having these
families separate would have created a less robust analysis of potentially important terrestrial
organisms. The proportional abundance, mass and energy derived from the twelve prey
categories were calculated for all fish within a sample week. The proportional abundance, mass
and energy derived from the twelve prey categories were square-root and then arcsine
transformed to approximate normality. A multivariate analysis of variance (MANOVA) was
performed in R on the transformed proportions to test for differences in proportional prey
exploitation between sections. If an overall significant difference existed, differences in
exploitation rates of specific prey were tested. The differences were considered significant at α =
0.05. These tests did not undergo Bonferroni correction like previous researchers (Utz 2005) as
our hypothesis was that there was no difference between reference and removal sections, and the
MANOVA was not exploratory.
Spearman’s rank correlation coefficient was used to determine the correlation between
the abundance and biomass of terrestrial invertebrate taxa in the pan traps and in the diet of
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brook trout. This analysis was done separately for each treatment. All spearman’s rank
correlation calculations were done using R.

Results
Effects of riparian tree removal on invertebrates in brook trout diets
Consumption estimates by origin of prey varied significantly within sections over the
course of the study. Overall energy consumption decreased throughout the course of the study.
Aquatic prey energy consumption was highest in the 50% and 90% removal streams on 25 July
at 18.3 and 8.7 (calories g -1 fish) respectively. Terrestrial prey consumption was highest in the
50% removal streams on 9 August at 7.1 (calories g-1 fish) and in the 90% removal streams on 25
July at 5.6 (calories g -1 fish).
In the 50% removal streams, aquatic prey energy consumption in the removal sections
exceeded consumption in the reference sections on 25 July (p = 0.015) and 9 August (p = 0.043)
(Figure 3). Terrestrial prey energy consumption was not significantly different between removal
and reference sections in these streams. Aquatic prey energy consumption in the removal
sections significantly exceeded terrestrial prey energy consumption in the 50% removal streams
on 25 July (p = 0.044), but was not significantly different on any other date (Figure 3). Aquatic
prey consumption was not different than terrestrial prey consumption in the reference sections of
the 50% removal streams.
In the 90% removal streams, aquatic prey energy consumption was significantly higher in
the removal sections on 9 August (p = 0.022). Terrestrial prey energy consumption was
significantly higher in the reference sections on both 9 August (p = 0.049) and 17 August (p =
0.009) (Figure 4). Aquatic prey energy consumption in the removal section significantly
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exceeded terrestrial prey energy consumption in the 90% removal streams on 9 August (p =
0.043) but was not significantly different on any other date (Figure 4). Aquatic prey
consumption was not different than terrestrial prey consumption in the reference sections of the
90% removal streams.
Biomass consumption decreased throughout the course of the study. Aquatic prey
biomass consumption was highest in the 50% and 90% removal streams on 25 July at 3.8 and 1.8
(g DW g-1 fish) respectively. Terrestrial prey biomass consumption was highest in the 50%
removal streams on 9 August at 1.4 (g DW g-1 fish) and in the 90% removal streams on 25 July
at 1.1 (g DW g-1 fish).
In the 50% removal streams, aquatic prey biomass consumption in the removal sections
exceeded biomass in the reference sections on 25 July (p = 0.013) and 9 August (p = 0.043)
sample (Figure 5). Terrestrial prey biomass consumption was not significantly different between
removal and reference sections in these streams. Aquatic prey biomass consumption
significantly exceeded terrestrial prey biomass consumption (p = 0.034) in the 50% removal
streams on 25 July, but was not significantly different on any other date (Figure 5).
In the 90% removal streams, aquatic prey biomass consumption in the removal sections
exceeded biomass in the reference sections on 9 August (p = 0.019), terrestrial prey biomass in
the reference sections was significantly higher than biomass in the removal sections on 17
August (p = 0.009) (Figure 6). Aquatic prey biomass consumption was not significantly
different than terrestrial prey biomass consumption in the 90% removal streams on any date
(Figure 6).
Removal of riparian trees had an effect on the diet of brook trout during late summer.
Brook trout consumed a greater proportion of terrestrial invertebrates in reference sections than
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in removal sections during the study. Within the 50% removal streams, terrestrial invertebrates
represented 64.9% of brook trout diet in reference sections and 47.0% of the diet in removal
sections (Figure 7). Paired t-tests on the total abundance of terrestrial invertebrates revealed that
treatment effect was significant (p = 0.045) in 50% removal streams. Within 90% removal
streams, terrestrial invertebrates represented 52.6% of brook trout diet in reference sections and
22.6% of the diet in removal sections (Figure 7). Paired t-tests on the total abundance of
terrestrial invertebrates revealed that treatment effect was also significant (p = 0.021) in 90%
removal streams.
Proportional biomass of terrestrial invertebrates consumed by brook trout was less in
removal sections than in reference sections. Within the 50% removal streams, terrestrial
invertebrates represented 70.4% of brook trout diet biomass (g DW) in reference sections and
39.5% of the diet in removal sections (Figure 8). Paired t-tests on the total biomass (g DW) of
terrestrial invertebrates revealed that treatment effect was significant (p = 0.040) in 50% removal
streams. Within 90% removal streams, terrestrial invertebrates represented 75.6% of brook trout
diet in reference sections and 28.0% of the diet in removal sections (Figure 8). Paired t-tests on
the total biomass of terrestrial invertebrates revealed that treatment effect was also significant (p
= 0.003) in 90% removal streams.
Proportional energy of terrestrial invertebrates consumed by brook trout was also less in
removal sections than in reference sections. Within the 50% removal streams, terrestrial
invertebrates represented 70.9% of energy in the brook trout diet in reference sections and 40.5%
of the diet in removal sections (Figure 9). Paired t-tests on the total energetic value of terrestrial
invertebrates revealed that treatment effect was significant (p = 0.041) in 50% removal streams.
Within 90% removal streams, terrestrial invertebrates represented 79.2% of brook trout energy in
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reference sections and 31.3% of the diet in removal sections (Figure 9). Paired t-tests on the
total energy of terrestrial invertebrates revealed that treatment effect was significant (p = 0.002)
in 90% removal streams.

Proportional prey exploitation
The results of a MANOVA test on proportional prey by abundance showed that brook
trout in removal and reference sections exploited particular prey taxa at significantly different
rates (Table 4). During our study brook trout within the 50% removal and references sections
had no differences in their exploitation rates of prey taxa (Table 4). Throughout late summer in
90% removal sections, trout fed on a significantly higher proportion of EPT (Ephemeroptera,
Plecoptera, Trichoptera), and trout in the reference sections fed on a higher proportion of
terrestrial Lepidoptera (Table 4).
The MANOVA tests on proportional prey by biomass also showed that brook trout in
removal and reference sections exploited particular prey taxa at significantly different rates
(Table 5). Brook trout within the 50% removal sections fed on a significantly higher proportion
of crayfish, while brook trout in the 50% reference section fed on a higher proportion of
Lepidoptera (Table 5). Within 90% removal sections, trout fed on a significantly higher
proportion of crayfish, and aquatic Diptera, while trout in the reference sections fed on a higher
proportion of terrestrial Lepidoptera (Table 5).
The results of the MANOVA test on proportional prey by energy again found that brook
trout in removal and reference sections exploited particular prey taxa at significantly different
rates (Table 6). Brook trout within the 50% removal sections obtained energy from a
significantly higher proportion of crayfish, while brook trout in the 50% reference section
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obtained energy from in higher proportions of Lepidoptera (Table 6). Brook trout in 90%
removal sections, fed on a significantly higher proportion of aquatic Diptera and EPT. Brook
trout within the 90% reference sections fed on a higher proportion of terrestrial Lepidoptera
(Table 6).

Terrestrial prey consumption vs. availability
Terrestrial invertebrate input from pan traps was a good predictor of the terrestrial portion
of the brook trout diet. Spearman’s rank correlation was used to compare percent composition
data from the pan traps to the diet for each section. Terrestrial invertebrate composition data
from both brook trout diets and pan traps was pooled together over the three week sampling
period for both 50% and 90% removal and reference sections. In all sections of the 50% and
90% removal streams there was significant positive correlation between % composition in the
diet and pans in terms of abundance (Table 7). In terms of biomass, all stream sections also
showed a positive correlation between composition in pan traps and in the diet (Table 7).

Discussion
Effects of riparian tree removal on terrestrial invertebrates in brook trout diets
Terrestrial invertebrates are an important trophic link between riparian habitat and stream
food webs. Terrestrial invertebrates have been shown to commonly occur in salmonid diets
(Elliot 1973, Hubert and Rhodes 1989, Forrester et al. 1994), however until recently very few
researchers have looked at the role of terrestrial invertebrates in salmonid bioenergetics (Utz and
Hartman 2007, Sweka and Hartman 2008). In the relatively small streams of the central
Appalachian Mountains, brook trout depend on terrestrial invertebrates for over half of their
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energy supply during the late summer. We found that terrestrial invertebrate contribution to
brook trout diet was substantial and made an important contribution to the energy requirements
of this salmonid species.
Terrestrial invertebrates composed one-half of prey ingested by brook trout in reference
streams during this study and one-third of the prey in removal sections. Terrestrial invertebrates
composed nearly 75% of the biomass consumed in reference sections and around 35% of the
biomass consumed in removal sections. Approximately 73% of the energy brook trout gained
was derived from terrestrial invertebrate in the reference sections while derived 24% of their
energy was from terrestrial invertebrates in the removal sections. These numbers are similar to
previous diet studies. In studies from West Virginia, Utz and Hartman (2007) found that
terrestrial invertebrates prey composed two-thirds of the energy consumed by brook trout in late
summer (August). Webster and Hartman (2005) found that during July terrestrial invertebrates
made up 45% of the number of prey items in brook trout diets, but almost 54% of the biomass.
They also found that in September that terrestrial invertebrates represented nearly 75% of the
biomass found in brook trout diets. While these numbers are similar to our results these studies
did not involve riparian tree removal and are only applicable for comparison of our reference
areas. After adding large woody debris to streams, Sweka and Hartman (2008) found that
terrestrial invertebrates prey composed 38% of the prey found in the diet of brook trout in
summer, and 62% of the total biomass consumed. A series of studies from southeastern Alaska
compared terrestrial invertebrate inputs between old growth and youth growth forests (30-40
years old). Allen et al. (2003) found that terrestrial invertebrates made up over one-third of the
diet of coho salmon. Wipfli (1997) also studying in Alaska, found that terrestrial invertebrates
made up about half of the diet of three species of juvenile salmonids. A study of terrestrial
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invertebrates in the drift in New Zealand streams found an even greater difference in invertebrate
biomass, of the order of five to ten-fold, between forested and tussock grassland streams versus
pasture streams (Edwards and Huryn 1996), suggesting the importance of land-use activities. In
comparing grassland and forested streams in Japan, terrestrial invertebrates composed 77 and
68%, respectively, during summer (Kawaguchi and Nakano 2001). In our study, terrestrial
invertebrates appear to represent a greater proportion of the abundance, biomass and energy for
brook trout in reference sites and may be greatly reduced in timbered areas. It is likely that
terrestrial invertebrate subsidies are an important part of the solution to the “Allen paradox”,
which stems from Allen’s (1951) finding that the production of aquatic invertebrates appeared
insufficient to support fish production in the Horokiwi Stream, New Zealand. Terrestrial
subsidies may also influence trophic cascades, as shown by Nakano et al. (1999) who found that
experimental reduction of terrestrial in-fall led to greater predation on aquatic invertebrates.
It has been suggested by previous researchers that large scale removal of canopy cover in
these systems would likely decrease the input of terrestrial invertebrates to stream systems and
food availability to stream fish (Sweka and Hartman 2008). Timber harvest has been shown to
quickly decrease terrestrial invertebrate abundance, but abundances may increase to above pretimber harvest levels during regeneration in subsequent years (Schowalter et al. 1981). Our
study provides evidence that headwater riparian deforestation can lead to reduced dependence of
terrestrial food resources, possibly disrupting the headwater stream food web. With reductions
in riparian forest cover, headwater food webs may function more like higher order, downstream
reaches where there is naturally less canopy cover and greater autochthonous production.
Headwater streams, which make up nearly 75 % of stream miles in the United States (Leopold et
al. 1964), play vital roles within the river continuum, and are tightly linked to downstream
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systems (Webster et al. 1999, Meyer and Wallace 2001, Gomi et al. 2002). Based on the
evidence from our study that brook trout receive an important portion of their food supply from
terrestrial in-fall and that the magnitude of this input varies with the amount of riparian
vegetation, invertebrate subsidies of salmonid diet from riparian vegetation is an important
consideration in management of streamside areas.

Important prey items
Brook trout exploited a variety of prey during the course of the study, exhibiting a
generalist and opportunist pattern. Utz (2005) suggested that exploiting a variety of prey types
increased the chances of maintaining body weight during stressful times (summer). By
exploiting a range of prey brook trout may increase the chance that one of the prey organisms is
disproportionately large in size and therefore offers more energy. While brook trout may have
exhibited a generalist pattern of feeding certain prey items were found in greater proportions than
others. In our study, Diptera, Decapoda, and Lepidoptera were the most important prey by mass
and energy. However a different picture emerges when looking at abundance in which
Ephemeroptera, Plecoptera, Trichoptera make up a substantial share of the diet. Previous
researchers found similar results in central Appalachian streams especially in regards to the
importance of Lepidoptera. Sweka (2003) found that during August, Lepidoptera (16%),
Hymenoptera (9%), and Trichoptera (7%), were the most important prey by mass while Diptera,
Ephemeroptera, Trichoptera, and Hymenoptera made up the majority of the diet by abundance.
Utz and Hartman (2007) found that during warmer months, terrestrial Lepidoptera were the most
important prey by energy while Diptera, Aphidae, Formicidae, and Lepidoptera made up the
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majority of the diet by abundance. In Alaskan streams, Allen et al. (2003) found that Diptera,
Plecoptera, Trichoptera, and Lepidoptera were the most important prey by mass for coho salmon.
Our study concurs with Utz and Hartman (2007) that particular terrestrial organisms,
may be of disproportionate importance relative to other prey items for brook trout. Of particular
interest in this study and other studies of central Appalachian streams is the role that Lepidoptera
appear to have in sustaining summer brook trout populations. The life history and behavior of
Lepidoptera probably affect how brook trout acquire this particular prey. The larvae are large
and thus are fairly conspicuous in the water column. In addition, the riparian habitat is
dominated by broad-leafed species and Lepidoptera will often accidentally fall into the water
while feeding or resting on overhanging vegetation. These streams have relatively small
bankfull widths, and tree branches that span the entire stream making it likely that these
organisms will fall into the streams. Lepidopterans are almost certainly important as a resource
for maintaining brook trout populations as they provide a seasonally abundant food source
during the summer. Webster and Hartman (2005) found that Lepidoptera larvae increased in
brook trout dietary importance from July to September. During our study the proportion of
Lepidoptera abundance, biomass and energy was significantly lower in brook trout diets in both
50% and 90% removal sections compared to reference sections. The differences in Lepidoptera
between removal and reference sections show that the removal of forest canopy reduced
Lepidoptera inputs to the stream. This suggests that harvest of riparian timber may have an
effect on brook trout energetics, especially during summer.
The importance of terrestrial invertebrates to brook trout within summertime stream food
webs is of great importance as aquatic prey tend to become less numerous during summer
because of emergence (Hynes 1970). Limitations in summer food intake have previously been
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inferred or observed in Appalachian salmonids. Cada et al. (1987), Ensign et al. (1990), and
Thorne (2004) observed a substantial drop in the number of items and/or mean stomach content
weight found in brook trout stomachs from spring to summer in populations of Appalachian
salmonids. Utz and Hartman (2006) found that terrestrial insect consumption by brook trout
decreased as summer progressed yet remained greater than aquatic energy consumption.
Reductions of terrestrial invertebrates within the stream food web are likely to result in decreased
growth and possibly negative growth of Appalachian brook trout. Sweka and Hartman (2008)
found through bioenergetics simulations that reducing the amount of terrestrial prey consumption
reduced brook trout growth. They further suggested that a 50% reduction in the terrestrial
invertebrate component of the diet may result in negative growth during the summer months.
Similarly, Gustafsson (2008) found that a 90% reduction in summer terrestrial invertebrate
subsides resulted in reduced growth of brown trout (Salmo trutta) in Swedish streams. The
reduction we observed in terrestrial invertebrate consumption in removal sections may
negatively impact brook trout growth and trout may not be able to compensate for this reduction
by feeding solely on aquatic invertebrates (Sweka and Hartman 2008).
We found no study that has looked at the combined recovery of trout and terrestrial
invertebrates in streams after clear-cut logging. Studies have focused on trout and benthic
invertebrate productivity but not considered the importance of terrestrial invertebrates. Logging
of riparian areas typically has increased benthic invertebrate and fish density for 10-15 years post
harvest due to increased light reaching the streambed (Murphy and Hall 1981, Hawkins et al
1983). Stone and Wallace (1998) found that sixteen years post harvest that benthic invertebrate
abundance was three times higher in clear-cut streams than reference streams. Studies focused
on trout and terrestrial invertebrate inputs in clear-cuts only looked at the differences between a
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specific time period and reference conditions. Studies from Alaska in young (35-50 years post
harvest) and old growth forests did not find significant differences in the input of terrestrial
inverterbrate biomass (Wipfli 1997, Allan et al 2003). The amount of basal area removed in a
clear-cut may also play a role in stream recovery from riparian logging. Kreutzweiser et al.
(2005) found that benthic invertebrate communities in low intensity harvest sites (29% basal area
removal) were similar to reference sites after 3 years post harvest. It may take several years of
riparian growth before pre-harvest levels of terrestrial invertebrate input are re-established. The
apparent importance of terrestrial organisms in our study that there are changes in brook trout
diet in the canopy removal sections and these changes may persist for decades until riparian
areas are re-forested. The reduction of terrestrial invertebrate availability to brook trout may
result in decreased growth as well as reduced abundance of Appalachian brook trout in these
sections. Future work should investigate the changes in trout density, benthic invertebrate
productivity, and terrestrial invertebrate inputs associated with varying levels of timber harvest
in these streams over a longer temporal scale (e.g. 5, 10, 15, 20, 25, 30 year).
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Table 1. Summary descriptive stream statistics of the four study streams in the Middle Fork
River watershed, Randolph County, West Virginia (August 2007).

Stream
Birch Fork
Mitchell Lick
North Panther Run
Schoolcraft Run

Stream Mean wetted
Mean
Mean
Order
width (m)
Gradient (%) Elevation (m)
2
3.22
2.92
847
1
2.01
3.98
810
1
2.57
3.90
749
2
2.97
2.89
737

Removal
Treatment
50
90
50
90
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Table 2. Dates of sample and number of brook trout diet samples in the Middle Fork River, West
Virginia during 2007.

Week
1
2
3

50% removal streams
Birch
North Panther

Date
7/25
8/9
8/17

90% removal streams
Mitchell
Schoolcraft

Removal

Reference

Removal

Reference

Removal

Reference

Removal

Reference

14
17
14

14
17
14

20
16
20

20
16
20

20
20
20

20
20
20

20
20
14

20
20
14
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Table 3. Energy densities by dry weight (DW) of prey types encountered in brook trout
stomachs (from Cummins and Wuycheck 1971).

Order
Caudata
Coleoptera
Coleoptera
Collembola
Decapoda
Diptera
Diptera
Ephemeroptera
Ephemeroptera
Hemiptera
Megaloptera
Megaloptera
Odonata
Odonata
Oligochaetae
Plecoptera
Plecoptera
Salmonidae
Trichoptera
Trichoptera
Acari
Aranae
Blattodeae
Coleoptera
Coleoptera
Diptera
Diptera
Haplotaxida
Hemiptera
Homoptera
Hymenoptera
Lepidoptera
Lepidoptera
Mecoptera
Neuroptera
Opiliones
Orthoptera
Psocoptera
Spirobola

Life History
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Aquatic
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial
Terrestrial

Stage
Adult
Adult
Larval
Adult
Adult
Adult
Larval
Adult
Larval
Adult
Adult
Larval
Adult
Larval
Adult
Adult
Larval
Adult
Adult
Larval
Adult
Adult
Adult
Adult
Larval
Adult
Larval
Adult
Adult
Adult
Adult
Adult
Larval
Adult
Adult
Adult
Adult
Adult
Adult

Energy Density
(calories g-1 DW)
1638
5371
5371
6063
4890
4276
4276
5469
5469
5638
5210
5210
3034
3034
5575
4823
4823
3660
4999
4999
5808
4825
5347
5556
5556
5783
5783
4569
5638
5638
4629
5570
5250
5454
5454
4825
5077
5454
5453
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Table 4. Mean abundance proportion of 10 most common prey taxa in removal and reference
sections. Results of MANOVA between mean proportions per taxa are provided. P-values with
an asterisk denote a significant difference at the 0.05 level.
Treatment
50%

Order

Life History
(A or T)

Removal
Mean
SE

Reference
Mean
SE

p

Fish & Amphibians
Coleoptera
Decapoda
Diptera
Lepidoptera
EPT
Hymenoptera
Megaloptera
Diptera
Orthoptera
Other
Other

Aquatic
Terrestrial
Aquatic
Terrestrial
Terrestrial
Aquatic
Terrestrial
Terrestrial
Aquatic
Terrestrial
Aquatic
Terrestrial

0.0048
0.0810
0.0365
0.0968
0.1397
0.2762
0.0873
0.0063
0.1508
0.0111
0.0190
0.0873

0.0013
0.0186
0.0095
0.0176
0.0222
0.0437
0.0168
0.0025
0.0950
0.0030
0.0082
0.0028

0.0000
0.0562
0.0123
0.1356
0.1945
0.2151
0.0781
0.0082
0.1726
0.0041
0.0205
0.1027

0.0000
0.0153
0.0112
0.0239
0.0652
0.0089
0.0184
0.0031
0.0403
0.0021
0.0017
0.0033

0.4906
0.9156
0.9999
0.4166
0.1771
0.5057
0.6349
0.9734
0.7325
0.5506
0.9999
0.9318

Fish & Amphibians
Coleoptera
Decapoda
Diptera
Lepidoptera
EPT
Hymenoptera
Megaloptera
Diptera
Orthoptera
Other
Other

Aquatic
Terrestrial
Aquatic
Terrestrial
Terrestrial
Aquatic
Terrestrial
Terrestrial
Aquatic
Terrestrial
Aquatic
Terrestrial

0.0022
0.0381
0.0191
0.1166
0.0460
0.5179
0.0762
0.0000
0.1166
0.0034
0.0123
0.0516

0.0007
0.0120
0.0142
0.0349
0.0206
0.0499
0.0266
0.0000
0.0201
0.0013
0.0008
0.0014

0.0028
0.0593
0.0083
0.1117
0.1807
0.2938
0.0634
0.0000
0.1821
0.0097
0.0055
0.0828

0.0010
0.0119
0.0065
0.0193
0.0503
0.0176
0.0145
0.0000
0.0393
0.0035
0.0003
0.0023

0.9612
0.5987
0.3879
0.5147
0.0013 *
0.0239 *
0.3980
1.0000
0.9903
0.1366
0.4023
0.3043

90%
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Table 5. Mean biomass proportion of 10 most common prey taxa in removal and reference
sections. Results of MANOVA between mean proportions per taxa are provided. P-values with
an asterisk denote a significant difference at the 0.05 level.
Treatment
50%

Order

Life History
(A or T)

Removal
Mean
SE

Reference
Mean
SE

p

Fish & Amphibians
Coleoptera
Decapoda
Diptera
Lepidoptera
EPT
Hymenoptera
Megaloptera
Diptera
Orthoptera
Other
Other

Aquatic
Terrestrial
Aquatic
Terrestrial
Terrestrial
Aquatic
Terrestrial
Terrestrial
Aquatic
Terrestrial
Aquatic
Terrestrial

0.0289
0.0289
0.7243
0.0163
0.0998
0.0150
0.0085
0.0046
0.0046
0.0322
0.0042
0.0327

0.0178
0.0096
0.1569
0.0111
0.0146
0.0027
0.0078
0.0031
0.0021
0.0126
0.0088
0.0020

0.0000
0.0565
0.3787
0.0569
0.3239
0.0149
0.0687
0.0368
0.0048
0.0066
0.0097
0.0424

0.0000
0.0376
0.1103
0.0470
0.1464
0.0013
0.0234
0.0266
0.0027
0.0070
0.0007
0.0056

0.8149
0.9714
0.0247 *
0.2258
0.0423 *
0.8669
0.9924
0.7994
0.9997
0.6929
0.7819
0.9519

Fish & Amphibians
Coleoptera
Decapoda
Diptera
Lepidoptera
EPT
Hymenoptera
Megaloptera
Diptera
Orthoptera
Other
Other

Aquatic
Terrestrial
Aquatic
Terrestrial
Terrestrial
Aquatic
Terrestrial
Terrestrial
Aquatic
Terrestrial
Aquatic
Terrestrial

0.0654
0.0426
0.4650
0.0232
0.1497
0.0599
0.0304
0.0000
0.1226
0.0184
0.0076
0.0152

0.0175
0.0491
0.0862
0.0182
0.0419
0.0076
0.0186
0.000
0.0593
0.0086
0.0006
0.0036

0.0966
0.1069
0.2296
0.0597
0.3205
0.0338
0.0502
0.0000
0.0132
0.0495
0.0055
0.0346

0.0220
0.0305
0.0708
0.0249
0.1032
0.0021
0.0242
0.0000
0.0046
0.0295
0.0007
0.0013

0.9469
0.9999
0.0425 *
0.6289
0.0473 *
0.0526
0.7909
1.0000
0.0171 *
0.0647
0.8306
0.9992

90%
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Table 6. Mean energy proportion of 10 most common prey taxa in removal and reference
sections. Results of MANOVA between mean proportions per taxa are provided. P-values with
an asterisk denote a significant difference at the 0.05 level.
Treatment
50%

Order

Life History
(A or T)

Removal
Mean
SE

Reference
Mean
SE

Fish & Amphibians
Coleoptera
Decapoda
Diptera
Lepidoptera
EPT
Hymenoptera
Megaloptera
Diptera
Orthoptera
Other
Other

Aquatic
Terrestrial
Aquatic
Terrestrial
Terrestrial
Aquatic
Terrestrial
Terrestrial
Aquatic
Terrestrial
Aquatic
Terrestrial

0.0096
0.0328
0.7229
0.0192
0.1069
0.0158
0.0086
0.0049
0.0042
0.0334
0.0051
0.0366

0.0068
0.0104
0.1585
0.0122
0.0145
0.0028
0.0071
0.0032
0.0020
0.0128
0.0015
0.0021

0.0000
0.0614
0.3625
0.0644
0.3328
0.0150
0.0622
0.0375
0.0042
0.0065
0.0106
0.0429

0.0000
0.0394
0.1094
0.0517
0.1459
0.0012
0.0220
0.0269
0.0023
0.0066
0.0008
0.0052

0.7405
0.9794
0.0354 *
0.2555
0.0448 *
0.7895
0.9901
0.8051
0.9999
0.6816
0.8940
0.9794

Fish & Amphibians
Coleoptera
Decapoda
Diptera
Lepidoptera
EPT
Hymenoptera
Megaloptera
Diptera
Orthoptera
Other
Other

Aquatic
Terrestrial
Aquatic
Terrestrial
Terrestrial
Aquatic
Terrestrial
Terrestrial
Aquatic
Terrestrial
Aquatic
Terrestrial

0.0062
0.0511
0.4888
0.0289
0.1689
0.0663
0.0302
0.0000
0.1129
0.0200
0.0093
0.0174

0.0028
0.0558
0.0836
0.0203
0.0468
0.0074
0.0175
0.0000
0.0518
0.0093
0.0007
0.0038

0.0327
0.1230
0.2321
0.0714
0.3478
0.0362
0.0480
0.0000
0.0120
0.0519
0.0064
0.0384

0.0081
0.0340
0.0785
0.0281
0.1049
0.0037
0.0218
0.0000
0.0039
0.0289
0.0008
0.0013

0.7285
0.9999
0.1582
0.6141
0.0473 *
0.0254 *
0.8102
1.0000
0.0140 *
0.0727
0.7717
0.9984

p

90%
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Table 7. Spearman’s rank correlation (rs) for comparison of terrestrial taxa in brook trout diets
and pan traps in removal and reference sections. Results of rank correlation tests are provided. Pvalues with an asterisk denote a significant difference at the 0.05 level.
Variable
Abundance

Treatment

rs

p

Removal
Reference

0.694
0.824

0.006 *
0.001 *

Removal
Reference

0.850
0.814

0.000 *
0.000 *

Removal
Reference

0.624
0.693

0.017 *
0.006 *

Removal
Reference

0.899
0.819

0.000 *
0.000 *

Section

50%

90%

Biomass
50%

90%
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Figure 1. Middle Fork River Watershed, Randolph County, West Virginia and the location of
the four study streams.
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Figure 2. Schematic diagram of the study stream sections in four tributaries of the Middle Fork
River, West Virginia. Arrows represent direction of stream flow.
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Figure 3. Mean energy (calories g -1 fish) consumption by prey source during each week in 50%
removal streams. Bars represent + 1 standard error.
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Figure 4. Mean energy (calories g -1 fish) consumption by prey source during each week in 90%
removal streams. Bars represent + 1 standard error.
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Figure 5. Mean biomass (DW g g-1 fish) consumption by prey source during each week in 50%
removal streams. Bars represent + 1 standard error.
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Figure 6. Mean biomass (DW g g-1 fish) consumption by prey source during each week in 90%
removal streams. Bars represent + 1 standard error.
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Figure 7. Proportional number of terrestrial invertebrate prey ingested by brook trout for 50%
and 90% removal treatments and reference sites. Values = (TI number)/ (TI number + AI
number). Bars represent + 1 standard error.
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Figure 8. Proportional mass of terrestrial invertebrate prey ingested by brook trout for 50% and
90% removal treatments and reference sites. Values = (TI mass)/ (TI mass + AI mass). Bars
represent + 1 standard error.
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Figure 9. Proportional energy (calories g -1 DW) of terrestrial invertebrate prey ingested by brook
trout for 50% and 90% removal treatments and reference sites. Values = (TI energy)/ (TI energy
+ AI energy). Bars represent + 1 standard error.

180
Chapter 5: Management Implications and Recommendations for Best Management Practices.

West Virginia is the third most forested state in the United States, with forest covering
78.0% of the state’s 15.4 million acres of land. Almost all of the forested land (98.3%) is
classified as commercial forestland, which is available for timber production. Forestry is
important to the economy of West Virginia with the economic impact of forestry production
exceeding $4 billion dollars annually (Childs 2005). In addition, other forest-based activities
generate billions of additional dollars for the state’s economy. These activities include recreation
(hunting, fishing, wildlife watching, hiking, biking, sightseeing, etc.), and the gathering and
selling of forest products (ginseng, Christmas trees, mushrooms, etc.).
Streams in this region of central Appalachia are also highly valued because they support
recreational trout fisheries. Local rural economies are dependent upon the continued existence of
trout fisheries. In West Virginia, the total economic impact of all freshwater angling is estimated
to be over $333 million dollars annually (USFWS 1996). Given that over 30% of the more than
30 million freshwater anglers in the U.S. fish for inland trout (Boyle et al. 1996), the economic
impact of trout stream resources to the economy of West Virginia cannot be ignored.
The strong connectivity between terrestrial and aquatic ecosystems means that
anthropogenic alteration of the landscape will unavoidably affect stream and river systems.
Unfortunately, watershed disturbance is certainly inevitable because of the needs of economic
systems. Freshwater ecosystems are vital to economies because of the millions of dollars in
ecosystem services they provide to society each year (Wilson and Carpenter 1999).
Consequently, protection and management of riparian areas is critical to prevent degradation of
these valuable freshwater ecosystems. While establishing the importance of riparian forest cover
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is relatively straight forward, riparian buffer policy and management decisions are complicated
as they must balance ecological values with economic and societal values. Riparian areas are
some of the best sites for producing high quality wood products. The unharvested timber left in
SMZs can represent a substantial financial loss to landowners (Shaffer and Aust 1993, Kilgore
and Blinn 2003, LeDoux 2006). Within the mid-Atlantic region over 80% of the watershed area
associated with 1st and 2nd order streams is forested (Thornton et al 2000). It is estimated that up
to 70% of the merchantable timber in West Virginia is within streamside management zones
(SMZ), thus it is these areas that are likely to be targeted for timber harvest (West Virginia
Division of Forestry, 2005).

Riparian tree removal
West Virginia along with several southeastern U.S. states, allows timber harvesting
within SMZs. Limits on harvest of timber in the southeast vary by state. West Virginia has no
current harvesting restriction within the streamside management zone. While West Virginia has
not adopted harvesting limits within SMZ’s, some timber companies have employed their own
harvest limits. For instance, MeadWestvaco Corporation restricts timber harvest to 50% of the
basal area within SMZ’s (Aaron Plaugher, Personal Communication). Despite varying SMZ
harvest limits employed by timber companies and state BMP’s, a review of the literature found
no studies that actually quantify the impacts of different harvest limits in SMZ’s on coldwater
streams. The results of this research will help quantify the impacts of different harvest limits in
SMZ’s on coldwater streams and develop science-based recommendations for forest
management and Best Management Practices (BMP) in coldwater streams.
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Streams in the 90% removal treatment had large increases in stream temperature (3.1 OC)
while 50% removal treatment streams had small increases in temperature (0.6 OC) over the 500 m
stream reach. However, it appears from the small observed increases in temperature within 50%
removal treatments that restricting harvest to 50% of the basal area within SMZ’s is protective of
coldwater streams. Kochenderfer et al., (1997) in studying West Virginia BMP guidelines
concluded that removing approximately 44% of the basal area within a SMZ resulted in nonsignificant increases in stream temperatures, because the stream remained shaded by residual
trees and understory shrubs growing along it. Increased removal of timber from SMZ’s above
the 50% threshold may result in increased stream temperatures creating marginal habitat for
brook trout even if SMZ harvest is limited to less than 500 m of stream length. The United
States Environmental Protection Agency recommends that mean weekly maximum water
temperatures do not exceed 24°C for even one week in streams with populations of brook trout
(EPA 1986). In our study, mean daily temperature only exceeded 20°C on one stream (Mitchell
Lick) for a two day period. However Mitchell Lick did have maximum daily temperature exceed
24°C for several days, which may have resulted in movement of fish or physiological stress.
Streams that are warmed in clearings sometimes cool as they flow back under intact
forest canopy during the daytime. This cooling minimizes the stream length impacted by
warming and decrease the potential impacts of clear-cutting around headwater streams on
downstream, fish-bearing reaches. Within the 100 m buffer zone we observed decreases in
stream temperature. Previous studies of temperature recovery downstream of timber harvest
showed large decreases in a relatively short downstream distance (McGurk 1989, Keith et al.
1998). Temperature recovery downstream of a harvest zone is important because a rapid
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decrease in temperature over a short distance can effectively limit the spatial impact of the
harvest.
We found that timber harvest within SMZ’s had some positive effect on fish as YOY and
age 1+ densities were greater in the removal section in both 50% and 90% removal streams
during some portions of the year. We found decreases of age 1+ trout during summer 2008 in
90% streams, which could be due to avoidance of the removal sections during increased summer
stream temperatures. Or alternatively it could be that age 1+ trout are consuming terrestrial
invertebrates at this time of year and move into the sections with abundant terrestrial
invertebrates (Utz and Hartman 2006, Sweka and Hartman 2008). The further decrease in age
1+ trout density from August to November 2008 in the 90% streams could also indicate
decreased summer survival within these sections. We found that 50% removal sections did not
have these large decreases in age 1+ fish from June to August 2008 and actually had increased in
YOY in these sections during this time. We found that mean total length of YOY brook trout
was greater in removal sections than reference sections of 50% removal streams during June,
August, and November 2007, and August 2008, with no differences in 90% removal streams.
The 50% basal area removal of trees within an SMZ had minimal effects on brook trout and in
some cases may be beneficial. We found that while 90% harvest may benefit brook trout during
spring, these harvests may negatively affect brook trout during summer months.
Brook trout consumed a greater proportion of terrestrial invertebrates in reference
sections than in removal sections during the study. Terrestrial invertebrates composed one-half
of prey ingested by brook trout in reference streams during this study and one-third of the prey in
removal sections. Terrestrial invertebrates composed nearly 75% of the biomass consumed in
reference sections and around 35% of the biomass consumed in removal sections.
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Approximately 73% of the energy brook trout gained was derived from terrestrial invertebrates
in the reference sections while derived 24% of their energy was from terrestrial invertebrates in
the removal sections. Terrestrial invertebrates represented a greater proportion of the abundance,
biomass and energy for brook trout in reference sites. Terrestrial invertebrate abundance,
biomass and energy were slightly reduced in 50% removal sections and were greatly reduced in
90% removal sections. The observed reduction in terrestrial invertebrate consumption in
removal sections may negatively impact brook trout growth and trout may not be able to
compensate for this reduction by feeding solely on aquatic invertebrates (Sweka and Hartman
2008). The harvest of riparian timber may have an effect on brook trout energetics, especially
during summer when brook trout are food limited. Based on the evidence from our study that
brook trout receive an important portion of their food supply from terrestrial in-fall and that the
magnitude of this input varies with the amount of riparian vegetation, suggests that there could
be long-term changes in brook trout diet in areas with riparian timber harvest and should be
considered in the management of streamside areas.
Of particular interest in this study and other studies of central Appalachian streams is the
role that Lepidoptera appear to have in sustaining summer brook trout populations. During our
study the proportion of Lepidoptera abundance, biomass and energy was significantly lower in
both terrestrial pan traps and brook trout diets in both 50% and 90% removal sections compared
to reference sections. Lepidoptera appear to play an important role in sustaining summer brook
trout populations and the removal of riparian forest reduced Lepidoptera input to the streams.
Lepidopterans are almost certainly important as a resource for maintaining brook trout
populations as they provide a seasonally abundant food source during the summer. This suggests
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that harvest of riparian timber may have an effect on brook trout energetics, especially during
summer.
Our results suggest that 50% basal area removal of trees within an SMZ has minimal
effects on brook trout and in some cases may be beneficial. Our results also suggest that while
90% basal area harvest may benefit brook trout during spring, these harvests may negatively
affect brook trout during summer months. Therefore we recommend that coldwater streams
should have a minimum of 50 percent of the basal area retained within the SMZ. The short-term
(year 1) increase and then subsequent decrease (year 2) in brook trout densities make it necessary
to assess trends in brook trout populations over several years as there are several unknowns
associated with the possible response to varying basal area removal. In addition, the apparent
importance of terrestrial organisms in our study suggests that there could be long-term changes
in brook trout diet in the removal sections and a potential long term shift in the feeding habits of
brook trout, as riparian areas in the 90% removal sections may take 40 years or more to
regenerate timber structure to the pre-cut levels. The long term reduction of terrestrial
invertebrate availability to brook trout may result in decreased growth of Appalachian brook
trout in these sections. Future work should investigate the long term (5, 10, 15, 20, 25, 30 year)
changes in trout density, benthic invertebrate productivity, and terrestrial invertebrate inputs
associated with varying levels of timber harvest in these streams.

Large Woody Debris additions
The addition of large woody debris (LWD) had varying effects on stream channel
morphology in the eight streams of this study. Stream sections with added LWD did create new
pools in all of the streams, but there was no net increase in pool area following habitat
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manipulation. Channel structure in these headwater streams was extremely dynamic, with new
pools being created by LWD, and other pools being lost. In addition, many of the pools created
by LWD were temporary, they formed one year post-treatment and disappeared the following
year. Sweka and Hartman (2006) found similar results in that pools created one year by LWD
additions were often lost by the next year. Hilderbrand et al. (1997) also noted that in high
gradient streams receiving LWD, some of the pools created by their LWD additions quickly
reverted back to riffle habitat. Both Hilderbrand et al. (1997) and Sweka and Hartman (2006)
concluded that it may take several years for added LWD to realize its potential to modify stream
channel habitat. Although the LWD additions in the present study did not significantly increase
the pool area in these streams, the LWD within the stream probably did serve some function.
The massive addition of organic debris to the LWD streams had many channel and ecological
effects. Larger pieces of LWD are more likely to become anchored on stream banks or trees
along the stream. The slash protected the channel from solar radiation and also acted as thermal
insulation, mitigating the impact from timber harvest. The hydraulic roughness provided by the
leaves, twigs, and branches trapped fine sediment in the channels. In some streams, the channel
became indistinct, and the water flowed through a matrix of mixed tree tops, logs, leaves and
organic material. The inability of LWD additions to increase pool area may be due to the simple
fact that the added LWD had not been in the streams long enough to become incorporated into
the streambanks, and the majority of trees were felled across the stream channel and are hanging
above the bankfull channel. The full potential of the added LWD to modify the stream channel
morphology may not be realized for many more years.
In small streams, post-harvest wood covering the channel can mitigate the effects of
riparian vegetation removal on water temperatures by providing shade (Collier et al 1997). We
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suspect that the addition of large woody debris and tree tops along with groundwater inflow
played a significant role in mitigating the effect of tree removal in our study. In our study, the
addition of LWD and tree tops to the stream added much needed shade to the stream especially
in 90% removal sites. This added LWD may have tempered the effects of increased summer
stream temperatures in the 90% removal streams, and should be considered a viable management
technique in coldwater streams that have large canopy openings.
Current BMP’s require that all logging debris be removed from streams during timber
operations. Currently, felled tops must be pulled from the stream channel on all perennial and
intermittent streams, as small logging debris can be harmful to the stream channel causing bank
erosion and channel blockage (West Virginia Division of Forestry 2005). During our study we
only had one location where channel blockage and erosion was an issue. On the LWD addition
section of Rocky Run, there was a large debris dam created by the placement of logs and tree
tops just before a bend in the stream. The debris dam created a large pool both upstream and
downstream of the dam. An old skid road also crossed the creek in this location and no debris
was placed on the skid road to prevent potential erosion. During high flows water began to back
up and flow down the old skid road. Sometime during the spring of 2007, a large flood allowed
Rocky Run to run down a nearby old skid road for approximately 50 m, carving a new channel
until it rejoined the mainstem of the stream. After this channel was carved, approximately 1/3 of
the stream flowed down this skid road during normal baseflow conditions. This probably could
have been avoided if logs and tree tops had also been placed on the skid road or if the debris dam
had not been created near the skid road or curve in the channel. While, bank erosion and channel
blockage is possible, careful addition of logs and tree tops to the stream under certain conditions
will prevent the problems that have been associated with these practices. Based upon our
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observations and analysis of the data we recommend that logs and tree tops can be kept in
perennial and intermittent streams under the following conditions: 1) No logs or tree tops placed
on stream bends, due to potential channel meander. 2) Logs and tree tops should be placed in
straight-aways in order to prevent channel meander. 3) Logs and tree tops should be placed in
longer riffles or runs to encourage pool formation. 4) Logs and tree tops should be added at the
rate of one debris dam per 25 m of stream. 5) Debris dams should be less than 1m in height in
order to facilitate movement of fish. 6) Logs and tree tops should not be added in areas where
old skid or railroad grades cross the stream. 7) Logs and tree tops should not be placed in pool
habitat as they may potentially fill in due to changes in stream morphology. 8) Logs and tree
tops should not be added upstream (within 250 m) of a bridge or culvert crossing. By following
these recommendations on LWD input into streams, timber management activities can enhance
instream habitat within Appalachian streams while at the same time preventing problems like
bank erosion, culvert blockage, and channel meander than have been commonly associated with
LWD inputs from timber operations.

Canopy cover, basal area and slope
It may be important to consider how percent canopy cover and percent basal area removal
may interact in order to provide recommendations on SMZ timber harvest. Pre-harvest our
streams had canopy closure between 90.0 and 97.3 % along the SMZ. A review of the BMP’s
from some southern states found that these states suggest leaving 50-75% canopy cover or 50
ft2/acre basal area on perennial and coldwater streams. Canopy closure post-harvest in our 50%
treatment streams ranged from 74.9 to 87.6 % in the treatment sections, while canopy closure in
the 90% treatment streams ranged from 18.1 to 67.6% in treatment sections. Post-harvest
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canopy closure within the 50% treatments was within these southern states recommendations,
while 90% treatments exceeded these recommendations. It may be important to consider preremoval canopy closure before allowing a 50% basal area harvest, especially if pre-harvest
canopy closure is less than the 90 % found in our study streams. In this case, it would be
suggested to leave 50% canopy cover along these coldwater streams.
While our research does help to propose recommendations for riparian timber harvest
based upon the best available science, there are some possible limitations in the current study.
The maximum area of harvest in each section of stream was approximately 1.5 hectares (3.70
acres) with a total maximum harvest area of 3 hectares (7.40 acres) overall. Harvests on
MeadWestvaco timberland were typically restricted to an area less than 40 acres (Aaron
Plaugher, personal communication). The maximum area harvested via clear-cut (90% basal area
removal) during this study could be considered a small harvest by industry standards (Shawn
Grushecky, personal communication). However, it should be noted that not every stream
section achieved maximum harvest in 90% removal streams due to possible problems with slope
failure and other potential operational problems. Even with some 90% removal streams
receiving less than maximum harvest we still found large increases in stream temperature along
the stream gradient. A full harvest on these streams sections may have resulted in greater stream
warming in these sections. We did not take temperature readings below the harvest sections on
our study streams, thus it is unknown what effect increased stream temperature would have
downstream of these cuts. It is entirely possible that there was cooling of stream temperatures
as it flowed back into intact SMZ. Temperature recovery downstream of the harvest zones may
be important to research because rapid decrease in temperature over a short distance may help to
limit impact of upstream harvest.
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Our streams ranged from 1.95 to 3.28 % slope over the length of the study sections. It is
unknown how riparian timber harvest on higher gradient streams would affect brook trout and
water quality. Steeper slopes along the stream have been shown to increase the speed of runoff
and have more potential for soil erosion (Trimble and Sartz 1957, Swift 1986). West Virginia
BMP’s have no current timber management recommendations for areas of the SMZ where slopes
increase in steepness. Some states have recognized this relationship between steep slopes and
potential soil erosion and developed their SMZ buffer requirements according to slope gradients.
North Carolina and Virginia’s BMP manual states that steep slopes all need wider SMZs to
protect water quality, but give no recommendations on width or what is considered steep
(Virginia Department of Forestry 2002). The Canadian province of Ontario developed general
recommendations for increasing SMZ width as percent slope increases (Ontario Ministry of
Natural Resources 1988). Their baseline recommendations are for a no harvest SMZ of 8 m (27
feet) wide with 0-10% slope, with the no harvest SMZ increasing to > 44 m (144 feet) when
slopes exceed 60%. Since, slope is an important factor influencing erosion and sedimentation,
our recommendations for timber harvest may only apply for streams with similar slopes to our
study streams (~2-3.3%), and more research may be needed to determine how slope and harvest
may impact coldwater fisheries.
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